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Between  1962  and  1970  the  Civil  Knginee.'ing 
Laboratory,  Naval  Construction  Battalion  Center, 
Port  Hueneme,  California,  exposed  approximately 
20,000  specimens  of  about  475  different  alloys  in  the 
Pacific  Ocean,  These  specimens  were  exposed  at  the 
surface  and  at  nominal  depths  cf  ’,500  and  6,000 
feet  for  periods  of  time  varying  from  123  to  1,064 
days. 

The  purpose  of  these  exposures  was  to  provide 
the  Naval  Facilities  Engineering  Command 
(NAVFAC)  with  information  on  the  deterioration  of 
materials  in  deep-ocean  environments.  Such  informa- 
tion was  needed  to  improve  techniques,  to  develop 
new  techniques  pertaining  to  naval  material,  and  to 
support  the  increasing  interest  in  the  deep  ocean  as  an 
operating  environment. 

The  Naval  Facilities  Engineering  Command  is 
chaigcd  with  the  responsibility  for  the  construction 
and  maintenance  of  all  fixed  Naval  facilities-,  hence, 
the  construction  and  maintenance  of  Naval  structures 
at  depths  in  the  oceans  arc  but  one  facet  of  its  overall 
responsibility.  Fundamental  to  the  design,  construc- 
tion, maintenance,  and  operation  of  structures  and 
their  related  facilities  is  information  on  the  deteriora- 
tion of  materials  in  a particular  environment.  Since 
there  was  very  little  published  information  on  the 
behavior  of  construction  materials  in  deep-ocean 
environments,  this  program  was  initiated  in  1960  *o 
obtain  such  information. 

ln-situ  testing  was  chosen  because  it  is  not 
possible  to  duplicate  all  the  variables  and  the  changes 
in  these  variables  that  prevail  in  any  one  environment 
or  location.  A test  site  was  considered  suitable  if  the 
circulation  (currents),  sedimentation,  and  bottom 
conditions  were  representative  of  open  ocean  condi- 
tions: (1)  the  bottom  should  be  reasonably  flat,  (2) 
the  site  should  be  open  and  not  located  in  an  area  of 
restricted  circulation,  such  as  a silled  basin,  (3)  the 
site  should  be  reasonably  close  to  Port  llucncmc  for 
ship  operations,  and  (4)  the  site  should  be  within  the 
operating  range  of  the  more  precise  navigating  and 
locating  techniques. 


A Pacific  Ocean  site  meeting  these  requirements 
was  selected  at  a nominal  depth  of  6,000  feet.  The 
ocean  bottom  at  this  site  is  relatively  flat  in  a broad 
submarine  valley  southwest  of  San  Miguel  Island, 
California;  it  is  readily  accessible  to  the  Civil  Engi- 
neering Laboratory-,  and  it  is  subject  to  the  effects  of 
ocean  currents.  This  site,  designated  Test  Site  I,  is 
approximately  81  nautical  miles  southwest  of  Port 
Hueneme,  latitude  33°44*N,  longitude  120°45*W. 

Oceanographic  data  collected  between  .1961  and 
1963  (1,2)  show  the  presence  of  an  oxygen  mini- 
mum zone  at  depths  between  2,000  and  3,000  feet. 
This  minimum  oxygen  zone  was  present  at  all  sites 
investigated  when  the  ocean  floor  was  at  depths 
varying  between  2,000  and  13,000  feet. 

It  is  well  known  that  the  corrosion  rates  of  many 
materials  (c.g.,  steels)  are  affected  by  the  concen- 
tration of  oxygen  in  the  environment.  Because  of 
this,  it  w?«  decided  to  establish  a second  test  site, 
Test  Site  II,  in  this  minimum  oxygen  concentration' 
zone  where,  it  was  thought,  much  pertinent  informa- 
tion could  be  obtained.  Test  Site  II  (nominal  depth  of 
2,500  feet)  is  75  nautical  miles  west  of  Port  Hue- 
ncme,  latitude  34o06*N,  longitude  120°42'W. 

The  oceanographic  investigations  by  the  Civil 
Engineering  Laboratory  also  disclosed  that  the  ocean 
floor  at  these  sites  is  rather  firm  and  was  charac- 
terized as  sandy,  green  cohesive  mud  (partially 
glauconite)  with  some  rocks.  Biological  cultures  of 
these  bottom  sediments  showed  the  presence  of 
sulfate-reducing  bacteria  in  at  least  the  first  6 inches 
of  sediment. 

In  order  to  determine  the  differences  between  the 
corrosiveness  of  seawater  at  depths  and  at  the  surface 
in  the  Pacific  Ocean,  it  is  desirable  to  compare 
deep-ocean  corrosion  data  with  surface  immersion 
data.  Since  surface  data  from  the  Pacific  Ocean  in  the 
vicinity  of  Port  llucncmc  were  not  available  in  the 
literature  for  most  of  the  alloys  exposed  at  depths  in 
the  Pacific  Ocean,  it  was  decided  to  establish  a sur- 
face exposure  site  to  obtain  this  information.  There- 
fore, a third  site,  lest  Site  V,  was  established  at  the 
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Naval  Pacific  Missile  Range,  Point  Mugu,  California, 
latitude  34°06'.N,  longitude  I I9°07*W.  Test  Site  V is 
about  10  miles  east  of  Port  iluenetne. 

The  specific  geographical  locations  of  the  test 
sites  and  the  average  characteristics  of  the  seawater 
10  feet  above  the  ocean  floor  at  these  sites  arc  given 
in  Table  1.  Their  positions  relative  to  the  California 
coast  are  shown  in  Figure  1.  The  variation  of  the 
temperature,  pit,  salinity  and  oxygen  content  of  the 
seawater  with  depth  at  the  STU  sites  is  shown  in 
Figure  2. 

Other  naval  activities  were  invited  to  participate 
in  this  program  and,  if  possible,  to  conribute  to  the 
funding.  From  1962  to  1966  the  Navai  Air  Systems 
Command  supplied  funds  for  partial  support  of  the 
program.  Navy  contractors  and  other  companies  also 
participated  in  this  program.  The  participants  arc 
listed  in  Table  2 as  well  as  those  who  evaluated  the 
materials  and  whether  or  not  the  evaluators,  other 
than  CHI.,  supplied  CHI.  with  the  r -suits  of  their 
evaluations. 

This  report  presents  the  performance  data 
obtained  by  CHI.  and  other  participants  from  the  sea- 
water exposures  at  the  sites  given  in  Table  1.  The 
performance  of  the  various  materials  as  supported  by 
this  data  is  aiso  discussed. 


1 


.I 


a 


d 


\ 


i 


$ 

‘V 

\ 

$ 

a 


--*4**."**.  >*« 


nt>  4 . jrfrsray 


Tabic  1.  Exposure  Site  Locations  ami  Seawater  Characteristics 


Site 

No. 

Latitude 

N 

Longitude 

W 

Depth 

(ft) 

Exposure 

(day) 

Temperature 

(°c> 

Oxygen 

(ml/I) 

Salinity 

(ppt) 

pll 

Average 

Current 

(knot) 

1-1 

33°46’ 

120°37* 

5,300 

1,064 

2.6 

1.2 

34.51 

7.5 

0.03 

1-2 

3 3°44‘ 

120°45* 

5,640 

751 

2.3 

1.3 

34.51 

7.6 

0.03 

1-3 

33°44’ 

120°45* 

5,640 

123 

2.3 

1.3 

34.51 

7.6 

0.03 

1-4 

33°46’ 

120°46* 

6,780 

403 

2.2 

1.6 

34.40 

7.7 

0.03 

1-5 

33°5I’ 

120°35’ 

5,900 

189 

2.3 

1.6 

34.6 

7.4 

0.03 

III 

34°06’ 

I20‘’42* 

‘2,340 

197 

5.0 

0.4 

34.36 

7.5 

0.06 

11-2 

34°06’ 

120°42’ 

2,370 

402 

5.0 

0.4 

34.36 

7.5 

0.06 

V 

34°06' 

1 19°07’ 

5 

181-763 

12-19 

3. 9-6.6 

33.51 

8.1 

variable 

Table  2.  Participants  in  Test  Program 


Name 

Materials 

Evaluated 

By 

- 

Report 
Submitted 
to  CEL 

Aerojet-General  Corp. 

AGC 

no 

Aluminum  Company  of  America 

CEL 

- 

Allegheny  I.udlum  Steel  Corp. 

CEL 

- 

American  Chain  and  Cable  Co. 

CEL 

- 

American  Steel  and  Wire  Div..  U.S.S. 

CEL 

- 

Anaconda  American  Brass  Co. 

CEL 

— 

Anaconda  Wire  and  Cable  Co. 

AWCC 

ves 

Armco  Steel  Corp. 

CEL 

- 

Baldt  Anchor  Chain  and  Forge  Div.,  Boston  Metals  Co. 

CEL 

- 

Bell  Telephone  laboratories 

BTL 

yes 

Bethlehem  Steel  Co. 

CEL 

— 

Boeing  Co. 

Boeing 

vrs 

Brush  Beryllium  Co. 

CEL 

- 

Carpenter  Steel  Co. 

CEL 

- 

E.  1 Dupont  Co. 

CEL 

- 

F.lgilox  Co. 

CEL 

— 

Fanstcel  Metallurgical  Corp. 

CEL 

- 

Goodyear  Aerospace  Corp. 

GAC 

yes 

Haynes  Stellite  Div.,  Cabot  Corp. 

CEL 

Hooker  Chemical  Corp. 

CEL 

' 
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Table  2.  Continued. 


Name 

Materials 

Evaluated 

By 

Report 
Submitted 
to  CEL 

International  Nickel  Co  lr  „•. 

1NCO/CLL 

yes/- 

Joseph  T.  Reyerson  & So:1 

CEL 

- 

Kaiser  Aluminum  and  Chemical  Corp. 

CEL 

- 

Kaweeki  Berylco  Industries 

CEL 

- 

Lukens  Steel  Co. 

CEL 

- 

Menasco  Manufacturing  C >. 

MMC 

no 

Metco  Int . 

CEL 

- 

Military  Consultant  Service 

CEL 

- 

Minnesota  * ing  and  M .nufarturing  Co. 

3M 

- 

Mobcy  Chemical  Co. 

CEL 

- 

i Nasal  A:  development  >'  ott- 

NADC 

yes 

N,'v,;|  V,  systems  Command 

NASC 

yes 

Naval  h.ectronics  Labe 'story 

NEL 

no 

NAVr  AC,  Co-Je  042 

CEL 

- 

? '•»'  J Or J.., ar.ee  Test  htar'on 

WOTS 

no 

;>V  ' r :»c  Missile  Rj<>.‘> 

CEL 

- 

.val  S't  p Ro  tvir-'i  and  Develop).  ..tu  Center,  Annapolis  Div. 

NSRDC(A)a 

yes 

Na’ul  Un  Jervatet  Ordnanre  Static... 

NU05 

no 

Owens  Corning  Fiberglass  Corp. 

CEL 

- 

Reactive  Metals  Inc. 

CEL 

- 

Republic  Steel  Corp. 

CEL 

- 

Reynolds  Metals  Co. 

RMC 

yes 

Seripps  Institution  of  Oceanography 

CEL 

- 

Shell  Development  (*■>. 

Shell 

yes 

Standard  Pressed  Smcl  Co. 

CEL 

- 

Taylor  Fibre  Co. 

CEL 

- 

Texas  Instruments,  Inc. 

CEL 

- 

Titanium  Metals  Corporation  of  America 

CEL 

- 

TRW  Space  Technology  Laboratories 

TRW 

yes 

Tube  Turns  Plastic  Co. 

CEL 

- 

U.S.  Rubber  Co. 

CEL 

— 

U.S.  Steel  Corp. 

USS/CEL 

yes/- 

Valley  Bolt  Co. 

CEL 

— 

' Formerly  Marine  Engineering  Laboratory  (MEL),  Annapolis,  Maryland. 
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SECTION  2 

STEEL  AND  CAST  IRONS 


The  data  discussed  in  this  section  were  obtained 
from  the  reports  given  in  References  3 through  19. 
The  chemical  compositions  of  the  alloys  are  given  in 
'''able  3;  their  surface  conditions  and  heat  treatments, 
if  any,  are  given  in  Table  4. 

The  corrosion  rates  and  types  of  corrosion  of  all 
the  alloys  are  given  in  Table  5.  Inorganic  coatings 
were  applied  to  some  steels  to  evaluate  their  protec- 
tive qualities.  These  coatings  and  their  conditions  are 
given  in  Table  6.  Steels  that  were  exposed  in  a 
stressed  condition  to  determine  their  susceptibility  to 
stress  corrosion  cracking  are  given  in  Table  7. 

The  effects  of  corrosion  on  the  mechanical 
prope.ties  of  many  of  the  alloys  were  determined 
aftei  various  periods  of  exposure-,  these  results  are 
given  in  Table  8. 

Water  near  the  surface  in  the  open  sea  is  quite 
uniform  in  its  composition  throughout  the  oceans 
|20) ; therefore,  the  corrosion  rates  of  steels  exposed 
under  similar  conditions  in  clean  seawater  should  be 
comparable.  The  results  of  many  investigations  on  the 
corrosion  of  structural  steels  in  surface  seawater  at 
many  locations  throughout  the  world  show  that  after 
a short  period  of  exposure  the  corrosion  rates  arc 
constant  and  amount  to  between  3 and  5 mils  per 
year  {21,22] . Factors  which  can  cause  differences  in 
corrosion  rates  outside  these  limits  are  variations  in 
marine  fouling,  contamination  of  the  seawater  near 
the  shorelines,  variations  in  seawater  velocity,  and 
differences  in  the  surface  water  temperature. 

2.1.  IRONS  AND  STEELS 

The  corrosion  rates  of  the  irons;  mild  steels;  high- 
strength  low-alloy  steels;  high-strength  steels;  other 
alloy  steels;  and  nickel  alloy  steels  are  given  in  Table 
5.  Analysis  of  the  corrosion  rates  of  these  alloys 
shows  that  for  all  practical  purposes  their  corrosion 
rates  were  comparable  for  any  one  duration  of 
exposure  at  any  one  depth  or  at  the  surface.  There- 
fore, these  data  were  treated  statistically  to  obtain 
one  median  value  for  each  time  of  exposure  and  each 


depth.  These  average  data  values  were  used  to  plot 
curves  to  show  the  general  corrosion  behavior  to  be 
expected  from  these  alloys  with  regard  to  duration  of 
exposure,  depth  in  the  ocean,  and  concentration  of 
oxygen  in  seawater. 

2.1.1.  Duration  of  Exposure 

The  effects  of  the  duration  of  exposure  on  the 
corrosion  of  steels  in  seawater  at  the  surface  and  at 
depth  are  shown  in  Figure  3.  The  corrosion  rates  of 
the  steels  exposed  in  seawater  at  nominal  depths  of 
2,500  and  6,000  feet  in  the  Pacific  Ocean  decreased 
with  increasing  duration  of  exposure  and  were  con- 
sistently lower  than  the  surface  corrosion  rates  In  a 
factor  of  approximately  3.  The  corrosion  rates  at  the 
2,500-foot  depth  also  were  lower  than  those  at  the 

6,000-foot  depth.  The  corrosion  rates  decreased 
asymptotically  with  increasing  duration  of  exposure 
both  at  the  surface  and  at  the  6,000-foot  depth. 

The  performance  of  the  steels  when  partially 
embedded  in  the  bottom  sediments  at  the  2,500-  and 

6,000-foot  depths  is  shown  in  Figure  4.  Here,  also, 
the  average  corrosion  rates  of  the  steels  at  the 

6,000-foot  depth  decreased  asymptotically  with 
increasing  duration  of  exposure.  During  the  initial 
exposures  the  steels  corroded  at  faster  rates  in  sea- 
water than  in  the  bottom  sediments  at  the  6,000-foot 
depth,  but  after  approximately  2 years, of  exposure, 
their  average  corrosion  rates  were  approximately  the 
same  as  shown  by  comparing  the  curves  in  Figures  3 
and  4.  Here,  also,  the  average  corrosion  rates  at  the 
2,500-foot  depth  were  lower  than  at  the  6,000-foot 
depth,  but  they  increased  with  increasing  duration  of 
exposure. 

2.1.2.  Depth 

The  effect  of  depth  of  exposure  in  seawater  on 
the  average  corrosion  rates  of  the  steels  is  shown  in 
Figure  5.  The  variation  of  the  concentration  of 
oxygen  in  seawater  with  depth  is  also  shown  in  Figure 
5 for  comparison  purposes.  The  shape  of  the  curve 
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for  steels  shows  that  corrosion  of  steels  is  not 
affected  by  depth  (pressure),  at  least  to  a depth  of 
6,000  feet  (2,700  psi)  for  a period  of  1 year  of  expo- 
sure. The  shape  of  this  curve  is  practically  identical  to 
that  of  the  oxygen  concentration  curve.  The  identical 
shape  of  these  curves  indicate  that  the  concentration 
of  oxygen  in  seawater  exerts  a major  influence  on  the 
corrosion  of  steels  in  this  environment. 

2.1.3.  Concentration  of  Oxygen 

The  effect  of  the  variation  in  the  concentration  of 
oxygen  in  seawater  on  the  corrosion  of  steels  after  I 
year  of  exposure  is  shown  in  l;igurc  6.  The  curve  for 
the  average  corrosion  rates  of  the  steels  after  1 year 
of  exposure  versus  the  concentration  of  oxygen  is  a 
straight  line.  This  indicates  that  the  corrosion  of 
steels  in  seawater  is  proportional  to  the  concentration 
of  oxygen. 

2.1.4.  Nickel 

The  effect  of  the  variation  of  the  concentration 
of  nickel  on  the  corrosion  of  steels  is  shown  in  Figure 
7.  Variations  of  from  1.5  to  9%  in  the  nickel  content 
were  ineffectual  with  respect  to  the  corrosion  of  steel 
both  at  the  surface  and  at  depth.  However,  the  cor- 
rosion rates  in  surface  exposures  were  higher  than  at 
depth  by  about  a factor  of  7. 

2.1.5.  Type  of  Corrosion 

All  the  steel,  except  AISI  Type  502,  in  general, 
corroded  uniformly  except  for  some  slight  pitting  in 
surface  seawater  which  was  caused  by  fouling.  The 
corrosion  rates  of  AISI  Type  502  steel  (5%  Cr-O.5% 
Mo)  were  erratic  and  higher  than  those  of  the  other 
steels.  This  behavior  is  attributed  to  the  broad, 
shallow  pitting  and  the  severe  crevice  corrosion 
caused  by  the  chromium  content  of  the  steel. 

2.1.6.  Metallic  Coatings 

Zinc,  aluminum,  sprayed  aluminum,  titanium- 
cadmium,  cadmium,  copper,  and  nickel-coated  steel 
specimens  were  exposed  at  depth. 

A 1 oz/sq  ft  of  zinc  on  galvanized  steel  sheet 
exposed  at  a depth  of  7,300  feet  protected  the  steel 


for  from  3 to  4 months  in  the  seawater  and  for  about 
7 months  when  partially  embedded  in  the  bottom 
sediments. 

A 1 oz/sq  ft  of  aluminum  on  aluminized  steel 
sheet  exposed  at  a depth  of  2,500  feet  protected  the 
steel  for  at  least  1 3 months  in  the  seawater  and  when 
partially  embedded  in  the  bottom  sediments. 

A 6-mil-thick  hot-sprayed  aluminum  coating  over 
steel,  which  had  been  subsequently  primed  and 
sprayed  with  two  coats  of  clear  vinyl  sealer,  protected 
the  underlying  steel  from  corroding  for  1,064  days  at 
the  6, 000-foot  depth.  After  removal  from  exposure 
the  aluminum  coating  was  dark  gray  and  speckled 
with  pin-point  size  areas  of  white  corrosion  products. 
Since  no  red  rust  was  present,  it  is  evident  that  this 
coating  would  provide  added  protection  to  the  steel 
for  an  additional  period  of  time,  possibly  another  3 
years. 

A titamium-cadmium  coating  on  AISI  4130  steel 
was  completely  sacrificed,  and  the  underlying  steel 
was  covered  with  a layer  of  red  rust  after  402  days  of 
exposure  at  a depth  of  2,500  feet.  Such  a coating 
would  not  provide  satisfactory  protection  for  sea- 
water applications. 

An  clcctrolytically  applied  cadmium  coating  on 
steels,  both  stressed  and  unstressed,  did  not  provide 
adequate  protection  for  I year  of  exposure  at  depths 
of  2,500  and  6,000  feet. 

Jilcctroly tically  applied  copper  and  nickel 
coatings  on  steels,  both  stressed  and  unstressed,  failed 
within  6 months  after  exposure  at  the  2,500-foot 
depth  and  caused  galvanic  corrosion  of  the  underlying 
steels. 

2.1.7.  Inorganic  Coatings 

A few  steels  were  coated  with  selected  paint 
coatings  to  determine  their  performance  at  depths  in 
the  Pacific  Ocean.  Table  6 shows  the  results  of  this 
test. 

The  multicoat  epoxy  systems  exhibited,  in 
general,  satisfactory  performance,  while  the  multicoat 
polyurethane  system  behaved  erratically,  varying 
from  cracked  and  blistered  paint  to  no  paint  failures. 
The  single-coat,  zinc-rich  primer  coating  did  not 
afford  satisfactory  protection  for  a period  of  6 
months  at  a depth  of  6,000  feet. 


2.1.8.  Cathodic  Protection 

Sacrificial  zinc  anodes  were  attached  to  AIS1 
Type  1015  steel  to  determine  its  effectiveness  in  pro- 
viding cathodic  protection  to  a more  noble  material 
at  these  depths. 

The  sacrificial  zinc  anodes  were  effective  in 
reducing  the  corrosion  of  the  AISI  Type  1015  steel. 
They  provided  nearly  complete  protection  for  123 
days,  50%  protection  during  751  days  of  exposure, 
and  30%  during  1,064  days  of  exposure. 

2.1.9.  Galvanic  Corrosion 

A few  galvanic  couples  (dissimilar  metals)  of  AISI 
Type  4130  and  AISI  Type  4140,  1 x 7-inch  steel 
strips  with  1-inch  square  pieces  of  6061  and  7075-T6 
aluminum  alloys,  AZ31B  magnesium  alloy,  aluminum 
bronze  alloy,  titanium  metal,  and  AISI  Type  308 
stainless  steel  attached  to  them  were  exposed  at 
depths  of  2,500  and  6,000  feet  for  400  days  to  deter- 
mine their  compatibilities. 

After  400  days  of  exposure  at  a depth  of  6,000 
feet  aluminum  alloy  6061  attached  to  AISI  Type 
4130  steel  was  moderately  corroded  with  practically 
no  corrosion  of  the  steel;  the  aluminum  alloy 
7075-T6  was  severely  corroded  under  the  same  con- 
ditions, Magnesium  alloy  AZ31B  was  nearly 
completely  sacrificed  when  attached  to  AISI  Type 
41 30  steel,  hut  the  steel  was  also  corroded  because  of 
the  insulating  layer  of  magnesium  alloy  corrosion  pro- 
ducts which  accumulated  at  the  faying  surfaces  of  the 
two  alloys.  AISI  Type  4130  steel  was  extensively 
corroded  when  in  contact  with  the  aluminum  bronze. 

After  400  days  of  exposure  at  a depth  of  2,500 
feet,  AISI  Type  4340  steel  was  rusted  considerably 
from  l>cing  in  contact  with  titanium  metal  or  AISI 
Type  308  stainless  steel. 

2.1.10.  Stress  Corrosion 

Some  of  the  steels  were  exposed  in  a stressed  con- 
dition at  stresses  equivalent  to  from  30  to  75%  of 
their  respective  yield  strengths.  The  steels,  stresses, 
depths,  days  of  exposure,  and  their  susceptibility  to 
stress  corrosion  cracking  are  given  in  Tabic  7. 

Onc-half-inch  AISI  Type  4140  steel  bolts,  heat- 
treated  to  about  175,000  psi  tensile  strength,  failed 


during  400  days  of  exposure  — one  in  the  bottom 
sediment  and  two  in  the  seawater  at  the  2,500-foot 
depth.  Whether  these  failures  were  due  to  stress  cor- 
rosion or  hydrogen  embrittlement  is  not  certain. 
Bolts  of  such  hardness  should  not  be  used  in  deep-sea 
applications. 

One  nickel-plated  specimen  of  AISI  Type  4130 
steel,  stressed  at  127,000  psi,  failed  during  197  days 
of  exposure  at  a depth  of  2,500  feet.  Since  no 
unplated  specimens  failed,  it  is  possible  that  the 
failure  was  caused  by  the  nickel  plating.  Hydrogen 
absorbed  into  the  metal  during  the  plating  process 
could  have  caused  hydrogen  enbrittlement,  which  in 
turn  caused  the  failure. 

Some  18  Ni  maraging  specimens  failed  by  stress 
corrosion  when  stressed  at  various  levels,  under 
different  conditions,  for  different  periods  of  time- at 
different  depths.  These  results  indicate  that  the  stress 
corrosion  behavior  of  this  steel  is  unpredictable  and 
unreliable  when  used  at  high  stress  levels  (above 
about  150,000  psi  yield  strength)  for  seawater 
applications. 

The  other  steels  were  not  susceptible  to  stress  cor- 


2.1 .1 1 .  Mechanical  Properties 

The  percent  changes  in  the  mechanical  properties 
of  the  steels  resulting  from  corrosion  arc  given  in 
Table  8. 

'The  percent  elongation  of  HSI.A  No.  5 in 
thicknesses  of  1/4  inch  and  1/8  inch  was  decreased  by 
77  and  82%,  respectively,  after  400  days  of  exposure 
at  the  2,500-foot  depth. 

The  mechanical  properties  of  AISI  Type  4130 
steel,  bare,  cadmium,  copper,  or  nickel-plated  were 
affected  after  400  days  of  exposure  at  the  2,500-and 
6,000-foot  depths.  Cadmium,  copper,  or  nickel 
plating  on  AISI  Type  4340  steel  aiso  caused  decreases 
in  the  mechanical  properties  of  the  steel  after  expo- 
sure for  400  days  at  the  2,500-foot  depth. 

Because  of  pitting  corrosion  the  elongation  of 
AISI  Type  502  (5%  Cr)  steel  was  decreased  from  13 
to  38%  during  all  exposures  at  both  depths,  except 
for  197  days  at  the  2,500-foot  depth. 

The  mechanical  properties  of  the  18  Ni  maraging 
steels  were,  in  general,  adversely  affected  by  exposure 
at  depth  in  the  Pacific  Ocean. 
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2.1.12.  Corrosion  Products 


The  corrosion  products  from  some  of  the  steels 
were  analyzed  by  X-ray  diffraction,  speetrographie 
analysis,  quantitative  chemical  analysis,  and  infrared 
spectrophotometry.  The  constituents  found  were: 

Alpha  iron  oxide  - l-'ejOj  • ll20 

Iron  hydroxide  - F3(Oll)2 

Beta  iron  (111)  oxide  hydroxide  - FcOOII 

Iron  oxide  hydrate  Ft-iOj  • ll20 

Significant  amounts  of  cMor«le, 
sultatc,  "1  pnjtc  ion,. 

2.2.  ANCHOR  Cl!  :V 

Two  types  of  3/4-mch-diameter  anchor  chains, 
Dilok  and  welded  stud  link,  were  exposed  as  shown  in 
Table  9.  The  chain  links  were  covered  with  layers  of 
loose,  flaky  rust  which  varied  from  thin  to  thick  as 
the  time  of  exposure  increased.  Exposure  for  as  long 
as  751  days  did  not  decrease  the  breaking  loads  of  the 
chains  as  shown  in  Table  9.  In  most  cases  there  was 
rust  in  the  bottoms  of  the  sockets  of  the  Dilok  chain, 
indicating  that  seawater  had  penetrated  the  sockets. 
This  could  be  a source  of  additional  corrosion  and 
early  failure  of  this  type  of  chain. 

2.3.  CAST  IRONS 

The  corrosion  rates  of  the  cast  irons  are  given  in 
Table  5.  Analysis  of  this  data  shows  that  for  all  prac- 
tical purposes  the  corrosion  races  of  the  alloy  cast 
irons  (nickel,  nickel-chromium  No.  1 and  2,  and 
ductile  irons  No.  1 and  2)  are  comparable.  This  is  also 
true  of  the  austenitic  cast  irons.  These  average  data 
values  were  used  to  plot  curves  to  show  the  general 
corrosion  behavior  to  lie  expected  from  these  allo’-s 
with  regard  to  duration  of  exposure,  depth  in  the 
ocean,  and  concentration  of  oxygen  in  seawater. 

2.3.1.  Duration  of  Exposure 

The  effects  of  duration  of  exposure  on  the  cor- 
rosion of  cast  irons  in  seawater  at  the  surface  and  at 
depth  are  shown  in  Figure  3. 


There  was  no  measurable  corrosion  of  the  high 
silicon  and  the  high  silicon-molybdenum  cast  irons  in 
seawater,  cither  at  the  surface  or  at  depth. 

In  all  three  environments  (surface,  2,500-,  and 
6,000-foot  depths),  the  corrosion  rates  decreased 
with  increasing  duration  of  exposure  and  were  con- 
sistently lower  at  depth  than  at  the  surface.  The 
corrosion  rates  at  the  2,500-foot  depth  were  lower 
than  those  at  the  6,000-foot  depth.  At  the  surface 
and  at  the  6,000-foot  depth  the  corrosion  rates 
decreased  asymptotically  with  increasing  duration  of 
exposure.  At  the  6,000-foot  depth  the  corrosion  rates 
of  the  austenitic  cast  irons,  for  the  first  400  days  of 
exposure,  were  lower  than  those  of  the  gray  and  alloy 
cast  irons,  but  they  were  comparable  after  longer 
periods  of  exposure,  about  1 mpy.  However,  at  the 
2,500-foot  depth,  the  corrosion  rates  of  the  austenitic 
cast  irons  were  lower  than  those  of  the  alloy  and  gray 
cast  irons  for  exposures  of  up  to  400  days. 

The  corrosion  of  the  cast  irons  when  partially 
embedded  in  the  bottom  sediments  is  shown  in 
Figure  4.  Here  again,  there  was  no  measurable  cor- 
rosion of  the  high  silicon  and  high  silicon- 
molybdenum  cast  irons  in  the  bottom  sediment  at 
either  depth. 

The  other  cast  irons  b-haved  essentially  the  same 
as  in  the  seawater  except  that  the  alloy  cast  irons 
initially  corroded  at  slower  rates  than  in  the  seawater 
at  the  6,000-foot  depth.  After  2 yeirs  of  exposure  at 
the  6,000-foot  depth  in  both  the  seawater  and  the 
bottom  sediments,  all  the  steels  and  cast  irons  cor- 
roded at  essentially  the  same  rate. 

In  the  sediments  at  the  2,500-foot  depth  the 
corrosion  rates  of  the  austenitic  cast  irons  tended  to 
increase  very  slightly  with  increasing  duration  of 
exposure,  while  those  of  the  alloy  cast  irons  increased 
considerably. 

2.3.2.  Depth 

The  effect  of  depth  of  exposure  in  seawater  on 
the  average  corrosion  rates  of  the  alloy  and  austenitic 
cast  irons  as  well  as  those  of  the  gray  and  high  silicon 
cast  irons  is  shown  in  Figure  5.  The  variation  of  the 
concentration  of  oxygen  in  seawater  with  depth  is 
also  shown  in  Figure  5 for  comparison  purposes.  The 
shapes  of  the  curves  for  the  cast  irons  show  that  the 
corrosion  of  the  cast  irons  is  not  directly  affected  by- 
depth  (pressure),  at  least  to  a depth  of  6,000  feet  for 
a period  of  I year. 
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2.3.3.  Concentration  of  Oxygen 


tv 


The  effect  of  tite  variation  in  the  concentration  of 
oxygen  in  seawater  on  the  corrosion  of  cast  irons 
after  1 year  of  exposure  is  shown  in  Figure  6.  The 
curves  for  the  average  corrosion  rates  of  the  gray, 
alloy,  and  austenitic  cast  irons  versus  the  concentra- 
tion of  oxygen  are  essentially  straight  lines.  This 
indicates  that  the  corrosion  of  the  cast  irons  in  sea- 
water is  proportional  to  the  concentration  of  oxygen. 
However,  the  different  slopes  of  the  curves  indicate 
different  degrees  of  influence,  the  influence  being 
greatest  on  the  alloy  cast  irons  and  least  on  the  gray 
cast  irons.  Oxygen  exerted  no  influence  on  the  cor- 
rosion of  high  silicon  or  high  silicon-molybdenum 
cast  rons. 

2.3.4.  Type  of  Corrosion 

All  the  cast  irons  corroded  uniformly  both  in  the 
seawater  and  in  the  bottom  sediments.  The  high 
silicon  and  high  silicon-molybdenum  cast  irons  were 
uncorroded  in  any  of  the  environments. 

2.3.5.  Mechanical  Properties 

The  percent  changes  in  the  mechanical  properties 
of  the  cast  irons  due  to  exposure  in  scats,  ter  arc  given 
in  Table  8.  The  mechanical  properties  of  the  Type  4 
austenitic  cast  iron  were  not  affected  by  exposure 
either  at  the  surface  or  at  the  2,500-foo:  depth.  How- 
ever, the  mechanical  properties  of  the  D-2C  austenitic 
cast  iron  were  significantly  lowered.  Abou*  80%  of 
the  surfaces  of  fracture  of  the  D-2C  specimens  were 
black  in  contrast  to  the  gray  surfaces  of  fracture  of 
unexposed  specimens.  Metallographic  examinations 
of  polished  cross  sections  of  the  IJ-2C  alloy  adjacent 
to  the  surfaces  of  fracture  showed  that  the  alloy  had 
been  attacked  by  selective  intcrdcndritic  corrosion. 
This  selective  corrosion  was  the  cause  of  the  decrease 
in  mechanical  properties  of  the  alloy. 
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Chemical  Composition  of  Steels  and  Irons,  Percent  by  Weight 
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Table  4.  Condition  of  the  Steels,  As  Received 


Condition 


Wrought  iron 
Armco  iron 
AISIC1010 
A1S1  1015 
ASTM  A36 
ASTM  A387-D 
I1SLA  No.  1 


HSI.A  No.  2 
IISLA  No.  3 


IISLA  No.  4 
MS  LA  No.  5 


IISLA  No.  6 


IISLA  No.  12 
IIS  No.  1 
IIS  No.  2 
IIS  No.  3 


AISI  4130 
AISI  4140 


AISI  4340  (200  ksi) 


AISI  4340(150  ksi) 


AISI  502 

18%  Ni,  maraging  (0.202) 


As  fabricated  pipe 

Mill  finish,  anodically  cleaned 

Hot  rolled  (mill)  and  pickled  (laboratory) 

Grit  blasted 

Hot  rolled  (mill)  and  pickled  (laboratory) 

Hot  rolled  (mill)  and  pickled  (laboratory) 

Water  quenched  from  1,650°F  to  1,750°F  and  tempered  at 
1,100°F  to  1,275°F  (mill),  blast  cleaned  (laboratory) 

Hot  rolled  and  pickled 

Water  quenched  from  1,650°F  and  tempered  at  1,150°F  to 
1,200°F  (mill),  blast  cleaned  (laboratory) 

Hot  rolled  (mill)  and  pickled  (laboratory) 

Water  quenched  from  1,650°F  to  1,750°F  and  tempered  at 
1,150°F  to  1,275°F  (mill),  blast  cleaned  (laboratory) 

Consumable  electrode  vacuum  melt,  hot  rolled,  annealed, 
cleaned  and  oiled 

Quenched  and  tempered 

Quenched  and  tempered 

Solution  annealed  and  aged 

Consumable  electrode  vacuum  melt,  hot  rolled,  annealed, 
cleaned  and  oiled 

Quenched  and  tempered 

Austeni/.ed  at  1,550°F  for  0.7  hr,  oil  quenched  to  room 
temperature,  tempered  at  900°F  for  1 hr,  air  cooled  to 
room  temperature 

Oil  quenched  from  1,550°F,  tempered  for  1 hr  at  750°F, 
blast  cleaned  (laboratory) 

Oil  quenched  from  1,550°F,  tempered  for  1 hr  at  1,050°F, 
blast  cleaned  (labcvatory) 

Annealed  and  pickled,  No.  1 sheet  finish  (mill) 

Klcclric  furnace  air  melt,  air  cast,  annealed,  descaled  and 
oiled 
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Table  4.  Continued. 


Condition 


18%  Ni.  ntaraging  (0.082) 

18%  Ni,  m.iraging 

18%  Ni,  maraging 

Austenitic  east  iron,  Type  4 
Nodular  austenitic  cast  iron,  Type  D-2c 
Galvanized  steel,  1 8 gage 
Aluminized  steel.  Type  2 


Electric  furnace  ait  melt,  air  cast,  annealed,  descaled  and 
oiled  (mill);  CEL  unwelded,  aged  at  900°F  for  3 hr,  air 
cooled,  then  welded 

Electric  furnace  air  melt,  air  cast,  anncal'-d,  aged  at 
950°F  for  3 hr.  air  cooled,  as  rolled  surfaces 

Electric  furnace  air  melt,  air  cast,  annealed,  aged  at 
950°F  for  3 hr,  air  cooled,  surfaces  ground  to  KMS-125 

As  cast 

As  cast 

1.0oz/ft^ 

y 

Commercial  quality,  1.03  oz/ft 


Corrosion  Kali-  <ni|*y)‘ 


Alloy 


ASTM  A 36 
ASTM  A36 
ASTM  A36 
ASTM  A36 
ASTM  A 36 
ASTM  A 36 
ASTM  A36 
ASTM  A 36 
ASTM  A36 
ASTM  A36 

ASTM  A387-I) 
ASTM  A387-D 
ASTM  A387-D 
ASTM  A387-D 
ASTM  A387-D 

HS1.A  No.  I 
HSLA  No.  1 
HSLA  No.  I 
IISLA  No.  I 
IISLA  No.  I 
HSLA  No.  1 
HSLA  No.  1 
IISLA  No.  I 
IISLA  No.  1 
HSLA  No.  1 

HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 
HSLA  No.  2 

HSLA  No.  3 

HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
IISLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 
HSLA  No.  4 


Exposure 

(day) 

Depth 

(ft) 

— 

5,640 

1 

6.780 

751 

5,640 

1.064 

5,300 

197 

2,340 

402 

2.370 

181 

5 

398 

5 

540 

5 

588 

5 

123 

5,640 

403 

6,780 

751 

5,640 

197 

2,340 

402 

2,370 

123 

5,640 

403 

6,780 

751 

5,640 

1.064 

1,064 

5.300 

197 

2,340 

402 

2,370 

181 

5 

398 

5 

588 

5 

123 

5,640 

403 

6,780 

751 

5,640 

1,064 

5.300 

197 

2.340 

197 

2.340 

402 

2.370 

181 

5 

398 

5 

540 

5 

1.064 

5,300 

123 

5,640 

123 

5,640 

403 

6,780 

403 

6.780 

751 

5,640 

751 

5,640 

1,064 

5,300 

1.064 

5,300 

1,064 

5.300 

197 

2,340 

197 

2,340 

402 

2,370 

w" 

m" 

3.1 

2.4 

1.5 

1.8 

0.9 

- 

0.6 

- 

1.7 

1.7 

1.3 

1.5 

10.7 

- 

6.2 

- 

6.3 

- 

5.8 

- 

3.0 

2.3 

2.0 

1.9 

0.9 

0.9 

1.8 

2.0 

1.3 

1.3 

2.9 

2.2 

2.0 

1.2 

0.9 

- 

0.6 

- 

0.6 

0.7 

1.4 

1.4 

1.0 

1.0 

9.7 

- 

5.2 

- 

4.7 

- 

it 


Type  of 
Corrosion 


r 


Source 


U 

U 

V 

u 

u 

u 

C.  C (8) 
C 

c 

c 

u 

u 

u 

u 

u 

u 

u 

u 

V 

u 
u 
u 
G.P 
G.  P 
G.P 


4.7 
2.1 
0.9 
0.5 

1.4 

1.1 

1.3 

6.8 

4.5 

4.4 


4.3 

2.2 


1.4 


1.1 


U 

U 

U 

U 

U 

G 

U 

G.P 
U,  P 
G.P 


0.7 


3.6 

4.3 

3.3 
2.1 
1.2 


0.9 

0.3 


1.8 

2.3 

0.4 

0.7 


1.1 


0,6  0.6 

1.4  0.9 

2.2  0.7 

1.1  I.t 


U 

U 


U.  C (9' 


I 


Table  5.  Coni  limed 


Alloy 

Kspostirc 

Depth 

(A) 

Corrosion  Kite  (mpy)'* 

Type  of 
Corr»\i»u‘ 

Source^ 

w* 

m" 

HSI.A  No.  4 

402 

1.3 

1.0 

C 

1NCO  (3) 

HSLA  No.  4 

181 

5 

11.0 

INCO  (3) 

IISI.A  No.  4 

366 

5 

8.0 

- 

C. 

INCO  (3) 

HSLA  No.  5 

123 

5,640 

3.1 

1.6 

u 

CEL  (4) 

HSI.A  No.  5 

123 

5,640 

6.0 

3.5 

E 

INCO  (3) 

HS1.A  No.  5 

403 

6,780 

mam 

1.8 

U 

CEL  (4) 

HSI.A  No.  5 

403 

6,780 

SI 

0.2 

S-E.  1*  (3) 

INCO  (3) 

HSI.A  No.  y 

403 

6,780 

mSM 

- 

c; 

N'ADC  (7) 

HSI.A  No.  5 

751 

5,640 

1.4 

0.9 

u 

CEL  (4) 

HSLA  No.  5 

75! 

5,640 

3.1 

3.2 

G,  S-E 

INCO  (3) 

HSI.A  No.  5 

5,300 

0.9 

- 

U 

CEL  (4) 

HSI.A  No.  5 

1.064 

5,300 

0.7 

1.0 

u 

CEL  (4) 

HSI.A  No.  5 

1.064 

5,300 

0.9 

1.0 

u 

INCO  (3) 

HSI.A  No.  5 

197 

2,340 

1.4 

1.5 

u 

CEL  (4) 

HSLA  No.  5 

197 

2,340 

3.3 

0.9 

E.  14* 

INCO  (3) 

IISI.A  No.  5 

197 

2,340 

2.5 

- 

U 

NAOC  (7) 

HSLA  No.  5 

402 

2.370 

1.1 

1.3 

U 

CEL  (4) 

IISLA  No.  5 

402 

2,370 

1.4 

1.3 

u.c 

INCO  (3) 

HSLA  No.  Sb 

402 

2,370 

1.1 

G 

NAOC  (7) 

HSLA  No.  5 

181 

5 

8.9 

- 

u 

CEL  (4) 

HSLA  No.  5 

181 

5 

11.0 

- 

G 

INCO  (3) 

HSLA  No.  5 

366 

5 

8.0 

- 

G 

INCO  (3) 

HSLA  No.  5 

398 

5 

6.0 

- 

G.l* 

CEL  (4) 

HSLA  No.  5 

540 

5 

5.4 

- 

G,l> 

CEL  (4) 

HSLA  No.  6 

197 

2.340 

1.4 

- 

G 

Hoeing  (6) 

HSLA  No.  6 

402 

2,370 

0.9 

0.9 

U 

CEL  (4) 

HSI-A  No.  7 

123 

5,640 

3.5 

2.1 

C (4).  U 

INCO  (3) 

HSLA  No.  7 

403 

6,780 

1.5 

0.3 

G 

INCO  (3) 

I HSLA  No.  7 

751 

5,640 

0.8 

1.3 

G 

INCO  (3) 

HSLA  No.  7 

1 .064 

5,300 

0.8 

0.6 

U 

INCO  (3) 

HSLA  No.  7 

197 

2.340 

2.3 

0.6 

G 

INCO  (3) 

HSLA  No.  7 

402 

2,370 

1.4 

1.1 

G 

INCO  (3) 

IISLA  No.  7 

181 

5 

11.0 

- 

G 

INCO  (3) 

HSLA  No.  7 

366 

5 

8.0 

G 

INCO  (3) 

HSLA  No.  8 

123 

5,640 

3.8 

2.3 

U 

INCO  (3) 

HSLA  No.  8 

403 

6,780 

2.3 

0.3 

G 

INCO  (3) 

IISLA  No.  8 

751 

5,640 

1.2 

0.8 

G 

INCO  (3) 

HSLA  No.  8 

1.064 

5,300 

0.7 

0.5 

u 

INCO  (3) 

IISLA  No.  8 

197 

2,340 

1.9 

0.7 

G 

INCO  (3) 

IISLA  No.  9 

123 

5,640 

4.3 

2.1 

COO) 

INCO  (3) 

HSLA  No.  9 

403 

2.5 

0.3 

G 

INCO  (3) 

HSLA  No.  9 

751 

1.4 

1.0 

G 

INCO  (3) 

IISLA  No.  9 

1,064 

5,300 

0.6 

0.5 

U 

INCO  (3) 

HSLA  No.  9 

197 

2.340 

1.6 

0.6 

G 

INCO  (3) 

HSLA  No.  10 

123 

5,640 

4.1 

2.5 

C (9).  U 

INCO  (3) 

HSLA  No.  10 

403 

6,780 

1.8 

0.5 

G 

INCO  (3) 

HSLA  No.  10 

751 

5,640 

0.9 

1.1 

G 

INCO  (3) 

. 
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Tabic  5.  Continued 


r.vposure 

(.lav) 


IIS  LA  No.  10 
IISLA  No.  10 
IISLA  No.  10 
IISLA  No.  10 
IISLA  No.  10 

IISLA  No.  1 1 
IISLA  No.  1 1 
IISLA  No.  1 1 
IISLA  No.  1 1 
IISLA  No.  1 1 

IISLA  No.  12 
IISLA  No.  12 
IISLA  No.  12 
IISLA  No.  12 

IIS  No.  1 
MS  No.  l' 

IIS  No.  \>‘k 
IIS  No.  1 
IIS  No.  1 
US  No.  I 
IIS  No.  1 

IIS  No.  2 
IIS  No.  2.  welded 
Bate  metal 
Weld  metal 
IIS  No.  2 
IIS  No.  2.  welded 
Base  metal 
Weld  metal 
IIS  No.  2 
IIS  No.  2 
IIS  No.  2 

IIS  No.  3 
IIS  No.  3 
IIS  No.  3 
IIS  No.  3 

IIS  No.  4 
IIS  No.  4' 

IIS  No.  V'* 

IIS  No.  5 
IIS  No.  51 
IIS  No.  5; 

IIS  No.  6 
IIS  No.  6* 

IIS  No.  (J 


Dcpih 

Corrosion  1 

(ate  (mpv)'1 

J 

do 

w" 

M* 

Corrosion1 

Source 

5.300 

0.9 

0.6 

u 

INCO  (3) 

2,340 

2.1 

0.8 

G 

INCO  (3) 

2.370 

1.5 

1.2 

G 

INCO  (3) 

5 

11.0 

G 

INCO  (3) 

5 

8.0 

G 

INCO  (3) 

5,640 

3.4 

1.7 

U 

INCO  (3) 

6,780 

2.4 

0.4 

G 

INCO  (3) 

5,640 

1.2 

0.8 

C 

INCO  (3) 

5.300 

0.7 

0.5 

U 

INCO  (3) 

2,340 

1.8 

0.6 

G 

INCO  (3) 

5 

8.5 

- 

U.P 

CEL  (4) 

5 

4.2 

G.l* 

CEL  (4) 

5 

4.9 

- 

G.P 

CEL  (4) 

s 

4.3 

| 

G.l* 

CEL  (4) 

5.900 

2.7 

1.8 

U 

CEL  (4) 

5.900 

2.7 

1.8 

U 

CEL  (4) 

5,900 

2.6 

1.6 

U 

CEL  (4) 

5 

9.9 

- 

U 

CEL  (4) 

S 

4.7 

0.1* 

CEL  (4) 

5 

4.5 

- 

G.P 

CEL  (4) 

5 

4.2 

- 

G.P 

CEL  (4) 

6.780 

14.5  max 

. 9.0  avg/ 

1* 

USS  (8) 

6,780 

13.5  max 

. 9.0avg( 

1* 

USS  (8) 

18.1  max 

.3  3.5  avg 

P 

USS  (8) 

2,340 

20.4  max 

. 16.7  avg' 

P 

USS  (8) 

2,340 

29.6  max 

. 25.9  avgj 

P 

USS  (8) 

44.5  max 

, 38.9  avg' 

P 

USS  (8) 

5 

8.2 

U 

CEL  (4) 

5 

3.5 

G.P 

CEL  <4) 

5 

3.3 

G.P 

CEL  (4) 

2,370 

1.7 

1.4 

G 

CEL  (4) 

5 

5.0 

U.P 

CEL  (4) 

5 

3.8 

G.P 

CEL  (4) 

5 

4.6 

- 

G.P 

CEL  (4) 

5,900 

2.9 

1.8 

U 

CEL  (4) 

5,900 

2.3 

1.5 

U 

CEL  <4) 

5,900 

2.5 

1.7 

U.P 

| CEL  (4) 

5,900 

2.3 

1.9 

u 

CEL  (4) 

5,900 

2.0 

1.7 

u 

CEL  (4) 

5.900 

1.8 

1.6 

u 

CEL  (4) 

5,900 

2.5 

1 

1.6 

■J 

CEL  (4) 

5,900 

2.8 

1.5 

u 

CEL  (4) 

5,900 

2.9 

2.7 

u 1 

1 

l 

— — J 

CEL  (4) 

Continued 
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t? 


6- 


Corrovioi)  Kate  (mpy)*1 

Type  of 
C.orroMon 

./ 

MHiree 

Allot 

(iljv 

(ft) 

wb 

M1’ 

12%  Ni,  maraging 

197 

2,340 

2.4 

- 

G 

Hoeing  vo) 

18%  Ni,  maraging 

123 

5,640 

3.6 

- 

U 

NADC  (7) 

18%  Ni,  maraging 

189 

5,900 

2.2 

1.7 

U 

CKL  (4) 

18%  Ni,  maraging 

403 

6,780 

1.6 

1) 

NADC  (7) 

18%  Ni,  maraging 

197 

2.340 

1.6 

- 

c 

Boeing  (6) 

18%  Ni,  maraging 

197 

2,340 

2.9 

u 

NADC  (7) 

18%  Ni,  maraging 

402 

2,370 

1.3 

- 

u 

NADC  (7) 

18%  Ni,  maraging 

402 

2,370 

1.3 

0.9 

c. 

CKL  (4) 

18%  Ni,  maraging 

402 

2.370 

1.5 

0.8 

G 

INCO  (3) 

18%  Ni,  maraging  (as  rolled) 

402 

2.370 

1.4 

1.3 

c. 

CKL  (4) 

18%  Ni,  maraging  (machined) 

402 

2.370 

1.3 

1.2 

G 

CKL  (4) 

18%  Ni,  maraging 

402 

2.370 

3.5 

2.6 

G 

CKL  (4) 

18%  Ni,  maraging'’ 

402 

2,370 

2.8 

1.7 

G 

CKL  (4) 

18%  Ni,  maraging 

181 

5 

5.4 

- 

U.l* 

CKL  (4) 

18%  Ni.  maraging 

181 

5 

10.0 

- 

<’ 

INCO  (3) 

. HI 

18%  Ni,  maraging 

181 

5 

5.8 

- 

l' 

CKL  (4) 

18%  Ni,  maraging'’ 

181 

5 

5.1 

- 

U 

CKL  (4) 

18%  Ni,  maraging 

366 

5 

7.0 

- 

1* 

INCO  (3) 

18%  Ni,  maraging 

398 

5 

3.0 

U.l' 

CKL  (4) 

18%  Ni,  maraging 

588 

5 

3.1 

- 

g.  <:.  i' 

CKL  (4) 

18%  Ni,  maraging’" 

364 

5 

4.0 

- 

0.1’ 

CKL  (4) 

»:.’%  Ni,  maraging’" 

723 

5 

3.5 

G,l‘ 

CKL  (4) 

18%  Ni,  maraging’" 

763 

5 

4.1 

~ 

G 

CKL  (4) 

18%  Ni.  maraging*' 

364 

5 

4.0 

- 

l\  VVB(G) 

CKL  (4) 

18%  Ni.  maraging’’ 

723 

5 

3.3 

- 

G.l* 

CKL  (4) 

18%  Ni,  maraging* 

763 

5 

3.9 

.. 

G 

CKL  (4) 

1.5%  Ni  steel 

123 

5,640 

3.5 

2.7 

V 

INCO  (3) 

1.5%  Ni  steel 

403 

6.780 

1.7 

0.8 

G 

INCO  (3) 

1.5%  Ni  steel 

751 

5,640 

1.0 

0.5 

G 

INCO  (3) 

| 1.5%  Ni  steel 

1,064 

5.300 

0.7 

0.7 

U 

INCO  (3) 

1 .5%  Ni  steel 

197 

2.340 

1.9 

0.5 

U 

INCO  (3) 

1.5%  Ni  steel 

402 

2.370 

1.5 

1.2 

u 

INCO  (3) 

1 ,S%  Ni  steel 

181 

5 

11.0 

- 

G 

INCO  (3) 

1.5%  Ni  steel 

366 

5 

8.0 

“ 

G 

INCO  (3) 

3%  Ni  steel 

123 

5,640 

3.4 

3.0 

U 

INCO  (3) 

3%  Ni  steel 

403 

6,780 

1.9 

0.4 

C (2),  G 

INCO  (3) 

3%  Ni  steel 

751 

5.640 

0.9 

0.9 

i c 

INCO  (3) 

3%  Ni  steel 

1.064 

5,300 

0.9 

0.6 

1 u 

INCO  (3) 

3%  Ni  stcei 

197 

2.340 

1.7 

0.4 

; 

INCO  (3) 

3%  Ni  steel 

402 

2,370 

1.3 

1.0 

INCO  (3) 

3%  Ni  steel 

181 

5 

11.0 

- 

i c. 

INCO  (3) 

3%  Ni  steel 

366 

5 

8.0 

- 

i c; 

INCO  (3) 

5%  Ni  steel 

123 

5,640 

2.8 

2.8 

u 

INCO  (3) 

5%  Ni  steel 

403 

6.780 

2.8 

0.4 

1 C (6).  G 

1 INCO  (3) 

5%  Ni  steel 

751 

5,640 

I.l 

0.8 

, G 

j INCO  (3) 

5%  Ni  steel 

1.064 

5,300 

0.7 

0.5 

U 

INCO  (3) 

5%  Ni  steel 

197 

2.340 

1.7 

0.4 

G 

1 INCO  (3) 

5%  Ni  steel 

402 

J 

2.370 

'•* 

1.1 

U 

INCO  M) 
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Table  5.  Continued 


5%  Ni  steel 
5*  Ni  steel 

9%  Ni  steel 
9%  Ni  steel 
9%  Ni  steel 
9%  Ni  steel 
9%  Ni  steel 
9%  Ni  steel 
9\  Ni  steel 
9%  Ni  steel 

AISI  4130  <100  ksi) 

AISI  4130  (160  ksi) 

AISI  4130  <100  ksi) 
AISI  4130  (100  ksi) 
AISI  4130(100  ksi) 
AISI  4130  (100  ksi) 
AISI  4130  (100  ksi) 

AISI  4140 

! AISI  4340  (150  ksi) 
AISI  4340  (ISO  ksi) 
AISI  4340  (ISO  ksi) 

AISI  4340 

AISI  4340  (ISO  ksi) 
AISI  4340  (ISO  ksi) 
AISI  4340  (ISO  ksi) 

' AISI  4340 
AISI  4340 

MSI  4340  (ISO  ksi) 

AISI  4340  (200  ksi) 
AISI  4340  (200  ksi) 
AISI  4340  (200  ksi) 
AISI  4340  (200  ksi) 
AISI  4340  (200  ksi) 
AISI  4340  (200  ksi) 
AISI  4340  <200  ksi) 

AISI  S02 
AISI  S02 
AISI  502 
AISI  302 
AISI  S02 
| AISI  502 
AISI  502 
AISI  502 
I AISI  502 


Depth 

Corrosion  Kate  <nipy)J 

Tvpo  of 

(ft) 

\\h 

s\h 

Corrosion* 

S 

8.0 

G 

S 

7.0 

- 

G 

5,640 

5.6 

5.6 

U 

6,780 

2.9 

0.5 

C (9).  G 

5,640 

1.1 

4.5 

G 

5,300 

4.6  j 

1.2 

U 

2,340 

1.9 

0.4 

G 

2,370 

1.6 

1.3 

G 

5 

10.0 

- 

M* 

5 

8.0 

- 

G 

5,640 

2.3 

- 

U 

5,640 

3.1 

- 

U 

6,780 

2.7 

1 - 

u 

5,640 

2.2 

- 

u 

5,300 

1.3 

- 

u 

2,340 

2.3 

- 

u 

2,370 

1.0 

u 

2,370 

1.4 

1.6 

G.C  (12) 

5,640 

2.7 

- 

U 

6,780 

2.2 

1.7 

U 

6,780 

2.2 

1 5 

U 

6.780 

1.6 

- 

u 

5,640 

0.8 

- 

u 

2,340 

1.9 

1.3 

V 

2.340 

1.6 

2.8 

u 

2,340 

4.1 

— 

V 

2,370 

1.0 

- 

v 

2,370 

1.2 

1.3 

V 

5,640 

2.8 

1 

u 

6,780 

2.0 

1.9 

u 

<,780 

2.0 

1.8 

V 

5,640 

I 0.9 

- 

V 

2,340 

1.4 

1.4 

u 

2.340 

2.1 

2.2 

u 

2,370 

1.4 

1.4 

u 

5,640 

5.9 

4.3 

P,  C (21) 

5,640 

4.3 

4.6 

P (12),  E,  C C 

6.780 

2.3 

2.6 

C (22) 

6,780 

13.2 

0.4 

| P.  C (35),  C 

5,640 

2.8 

- 

E,C  (50),  P (i 

5,640 

! 44 

2.5 

C (PR) 

5,300 

2.6 

- 

C 

5,300 

1.9 

1.7 

P.C 

5.300 

3.0 

l.l 

C (PR) 

CEL  (4) 
CEL  (4) 
CEL  (4) 


CEL  (4) 
CEL  (4) 
CEL  (4) 


CEL  (4) 

CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 


r*-T??3r 


Table  $.  Continued 


Alloy 

Kxposurt* 

(tlay) 

Corrosion  K.in*  (mpy**1 

1 VJH*  of 
Corrosion* 

Source^ 

<ft> 

w* 

M* 

AISI  502 

197 

2.340 

1.4 

1.2 

I*.  C (23) 

CEL  (4) 

AISI  $02 

197 

2.340 

3.1 

0.2 

li.  C (20) 

INCO  (3) 

AISI  502 

402 

2,370 

0.8 

0.6 

e",  C <16> 

CEL  (4) 

AISI  502 

402 

2.370 

3.1 

0.1 

H.C(I'R) 

INCO  (3) 

AISI  502 

1K1 

5 

7.0 

- 

1*08) 

CK1.  (4) 

AISI  502 

DU 

5 

13.0 

- 

C 

INCO  (3) 

AISI  502 

366 

5 

8.0 

- 

c 

INCO  (3) 

AISI  502 

398 

5 

4.4 

- 

C.  1*  (30) 

Oil.  (4) 

AISI  502 

540 

5 

4.1 

- 

G.l* 

CEL  (4) 

D6AC 

197 

2.340 

1.5 

- 

G 

Boeing  (6) 

Cray  cast  iron 

123 

5.640 

4.2 

3.0 

U 

INCO  (3) 

Gray  cast  iron 

403 

6.780 

1.8 

1.3 

U 

INCO  (3) 

Cray  cast  iron 

751 

5.640 

1.2 

1.0 

G 

INCO  (3) 

Cray  cast  iron 

1.064 

5.300 

0.8 

0.5 

U 

INCO  (3) 

Cray  cast  iron 

197 

2.340 

2.0 

0.3 

G 

INCO  (3) 

Cray  cast  iron 

402 

2.370 

1.7 

2.0 

U 

INCO  (3) 

Cray  cast  iron 

366 

^5 

2.6 

- 

c 

INCO  (3) 

Ni  cast  iron 

123 

5.640 

4.4 

3.4 

u 

INCO  (3) 

Ni  cast  iron 

403 

6.780 

2.9 

1.5 

U.M 

INCO  (3) 

Ni  cast  iron 

751 

5.640 

1.4 

1.1 

C 

INCO  (3) 

Ni  cast  iron 

1.064 

5.300 

0.9 

1.5 

G 

INCO  (3) 

Ni  cast  iron 

197 

2.340 

2.2 

0.3 

C 

INCO  (3) 

Ni  cast  iron 

402 

2.370 

1.5 

1.5 

V 

INCO  (3) 

Ni  cast  iron 

181 

5 

8.5 

- 

V 

INCO  (3) 

Ni  cast  iron 

366 

5 

7.6 

- 

G 

INCO  (3) 

Ni-Cr  cast  iron  No.  1 

123 

5.640 

4.3 

3.3 

U 

INCO  (3) 

Ni<r  cast  iron  No.  1 

403 

6.780 

1.7 

1.2 

u 

INCO  (3) 

Ni-Cr  cast  iron  No.  1 

751 

5.640 

1.3 

0.9 

G 

INCO  (3) 

i Ni-Cr  cast  iron  No.  1 

1.064 

5,300 

0.8 

0.7 

U 

INCO  (3) 

Ni-Cr  cast  iron  No.  1 

197 

2.340 

1.9 

0.3 

G 

INCO  (3) 

Ni-Cr  cast  iron  No.  I 

402 

2,370 

1.8 

1.4 

U 

INCO  (3) 

Ni-Cr  cast  iron  No.  I 

181 

5 

6.7 

- 

U 

INCO  (3) 

Ni-Cr  cast  iron  No.  I 

366 

5 

5.2 

u 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

123 

5.640 

4.3 

3.7 

u 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

403 

6.780 

1.8 

1.4 

t' 

INCO  (3) 

. Ni-Cr  cast  iron  No.  2 

751 

5.640 

1.3 

1.1 

G 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

1.064 

5.300 

0.7 

0.7 

U 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

197 

2.340 

1.9 

0.3 

G 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

402 

2.370 

1.8 

1.1 

U 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

181 

5 

8.5 

- 

V 

INCO  (3) 

Ni-Cr  cast  iron  No.  2 

366 

5 

4.9 

- 

G 

INCO  (3) 

Ductile  ca«t  iron  No.  1 

123 

5.640 

3.1 

3.0 

! u 

INCO  (3) 

Ductile  cast  iron  No.  1 

403 

6.780 

3.4 

1.0 

G 

INCO  (3) 

Ductile  cast  iron  No.  1 

751 

5,640 

1.0 

0.9 

G 

INCO  (3) 

Ductile  cast  iron  No.  1 

1.064 

5.300 

0.6 

0.7 

U 

INCO  (3) 

Ductile  cast  iron  No.  1 

197 

2.340 

1.9 

0.7 

G 

j INCO  (3) 

Ductile  cast  iron  No.  1 

402 

2.370 

1.9 

1.7 

U 

INCO  (3) 
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e 

jt- 


lalile  5.  Conn mici! 


Alim 

hxpOMlfC 
<i!a\  > 

Dcplii 

(ID 

Corrosion  Kate  tin py/* 

Type  of 
Cni/osinn* 



c ii 

Sours  e 

w* 

s\h 

Ductile  nit  iron  No.  t 

181 

5 

30.0 

u 

INCO  (3) 

Ductile  cut  iron  No.  1 

366 

5 

6.2 

CR  (24) 

INCO  (3) 

Ductile  cut  iron  No.  2 

123 

5,640 

3.9 

2.9 

U 

INCO  (3) 

Ductile  cut  iron  No.  2 

403 

6,780 

2.9 

0.9 

G.M 

INCO  (3) 

Ductile  cut  iron  No.  2 

751 

5.640 

1.0 

0.8 

G 

INCO  (3) 

Ductile  cast  iron  No.  2 

1.064 

5,300 

0.8 

0.6 

U 

INCO  (3) 

Ductile  cast  iron  No.  2 

197 

2,340 

2.3 

0.5 

G 

INCO  (3) 

Ductile  cast  iron  No.  2 

402 

2.370 

1.8 

1.4 

U 

INCO  (3) 

Ductile  cut  iron  No.  2 

181 

5 

10.0 

U 

INCO  (3) 

Ductile  cast  iron  No.  2 

366 

5 

7.1 

- 

G 

INCO  (3) 

1 Silicon  cist  iron 

123 

5.640 

<0.1 

<0.1 

NC 

INCO  (3) 

i Silicon  cast  iron 

403 

6,780 

<0.1 

<0.1 

NC 

INCO  (3) 

< Silicon  cast  iron 

751 

5.640 

<0.1 

<0.1 

NC 

INCO  (3) 

| Silicon  cast  iron 

1.064 

5.300 

<0.1 

<0.1 

NC 

INCO  (3) 

1 Silicon  cast  iriu 

197 

2.340 

<0.1 

<0.1 

NC 

INCO  (3) 

Silicon  cast  iron 

402 

2.370 

<0.1 

<0.1 

NC 

INCO  (3) 

Silicon  cast  i -n 

181 

5 

<0.1 

- 

I- 

INCO  (3) 

Silicon  cast  linn 

366 

5 

<0.1 

- 

KT 

INCO  < 3) 

j Si-Mo  cast  iron 

123 

5.640 

<0.1 

<0.1 

NC 

INCO  (3) 

1 Si-Mo  cast  iron 

403 

6.780 

<0.1 

<0.1 

NC 

INCO  (3) 

1 Si-Mo  cast  iron 

403 

6.780 

0.1 

U 

NADC  <7> 

j Si-Mo  cast  iron 

751 

5,640 

<0.1 

<0.1 

NC 

INCO  13) 

! Si-Mo  cast  iron 

1.054 

5.300 

<0.1 

<0.1 

NC 

INCO  (3) 

j Si-Mo  cast  iron 

197 

2.340 

<0.1 

<0.1 

NC 

INCO  (3) 

Si-Mo  cast  iron 

402 

2,370 

<0.1 

<0.1 

NC 

INCO  (3) 

| Si-Mo  cast  iron 

402 

2.370 

<0.1 

- 

U 

NADC  (7) 

i Si-Mo  cast  iron 

181 

5 

<0.1 

- 

NC 

INCO  (3) 

| Si-Mo  cast  iron 

366 

5 

<0.1 

- 

KT 

INCO  (3) 

| Austenitic  cast  iron.  Type  1 

123 

5.640 

2.4 

2.4 

G 

INCO  (3) 

1 Austenitic  cast  iron.  Type  1 

403 

6.780 

1.0 

0.2 

U 

INCO  (3) 

j Austenitic  cast  iron,  I vpc  I 

751 

5.640 

0.5 

0.8 

C. 

INCO  <3) 

* Austenitic  cast  iron.  Type  I 

1.064 

5.300 

0.5 

0.6 

U 

INCO  (3) 

j Austenitic  cast  iron.  Type  I 

197 

2.340 

1.8 

l.l 

G 

INCO  <») 

j Austenitic  cast  iron.  Type  1 

402 

2,370 

1.5 

0.6 

u 

INCO  (3) 

| Austenitic  cast  iron.  Type  1 

181 

5 

4.1 

- 

u 

INCO  (3) 

Austenitic  cast  iron.  Type  1 

366 

5 

2.7 

- 

U 

INCO  (3) 

Austenitic  cast  iron.  Type  2 

123 

5.640 

2 A 

2.2 

G 

INCO  (3) 

Austenitic  cast  iron.  Type  2 

403 

6.780 

2.2 

0.2 

U 

INCO  13) 

Austenitic  cast  iron.  Type  2 

751 

5.640 

1.5 

1.6 

G 

INCO  (3) 

Austenitic  cist  iron.  Type  2 

1.064 

5.300 

1.4 

1.0 

G 

INCO  <i) 

Austenitic  cast  iron.  Type  2 

197 

2.340 

1.3 

1.1 

G 

INCO  (3) 

Austenitic  cast  iron.  Type  2 

402 

2.370 

1.1 

0.7 

u 

INCO  (3) 

Austenitic  cast  iron.  Type  2 

181 

5 

5.8 

- 

l’ 

INCO  (3) 

Austenitic  cast  mm.  Type  2 

366 

5 

2.9 

- 

u 

INCO  13) 

Austenitic  cast  iron.  Type  3 

123 

5.640 

1.9 

1.7 

<: 

INCO  (3) 

Austenitic  cast  iron.  Type  3 

403 

6.780 

1.8 

<0.1 

u 

INCO  (3) 

Austenitic  cast  iron.  Type  3 

751 

5.640 

1.9 

1.9 

G 

INCO  (3) 

Continued 
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Tabic  5.  Continued 


(lUv) 

Depth 

(ft) 

366 

! 

5 

123 

5.640 

403 

6.780 

751 

5.640 

1,064 

5.300 

197 

2.340 

402 

2.370 

181 

5 

| 366 

5 

189 

5.900 

| 402 

2,370 

189 

5,900 

| 402 

2.370 

Cornra  i)  Kate  Onpy' 


Austenitic  cast  iron,  l>-3 

Austenitic  cast  iron,  hardcnablc 
Austenitic  cast  iron,  hardcnablc 
Austenitic  cast  iton,  hardcnablc 
Austenitic  cast  iron,  hardcnablc 
Austenitic  cast  iron,  hardcnablc 
Austenitic  cast  iron,  hardcnablc 
Austenitic  cast  iron,  hardcnablc 
Austenitic  cast  iron,  hardcnablc 

Galvanized  steel,  1 oz/ft2  " 
Galvanized  steel,  i oz/ft2 

Aluminized  steel,  1 oz/ft2  ° 
Aluminized  steel.  1 oz/ft2  P 


mpy  » mils  penetration  per  year  calculated  from  weight  loss. 

ty 

W a specimens  exposed  on  sides  of  structure  in  seawater:  M « specimens  exposed  in  the  base  of  the 

structure,  partially  embedded  in  the  bottum  sediment. 

c Symbols  signify  the  following  types  of  corrosion: 

C ■»  Crevice  NC  * No  visible  corrosion 

CK  ■ Cratering  P * Pitting 

K « Edge  PK  * Perfotation 

ET  « Etched  S = Severe 

G = General  U ■ Uniform 

I » Incipient  WB  * Weld  bead 

M * Corroded  at  sediment  line 

Numbers  after  symbols  refer  to  maximum  depth  in  mils. 

^Numbers  refer  to  references  at  end  of  report. 

^Corrosion  accelerated  below  mud  line. 

/single  crater.  1 2 mils  deep. 

^Surface  exposure  at  Francis  I.,  t jQue  Corrosion  Laboratory,  Wrightsvillc  Beach,  N.C. 

^Welded. 

'Transverse  butt  weld,  weld  brad  same  as  plate. 

^Circular  weld  bead.  3-in.  diameter,  in  center  of  plate. 

*Pitted.  1 5-*  mils  maximum.  73.4  average  (15  pits),  water. 

^Pitting  rate,  mpy. 

”lleal  treated  900°F.  3 hr,  air  cooled. 

"Zinc  coating  completely  gone. 

"Aluminum  coating  50*?  gone,  mottled,  bare  steel  in  places. 

r w • no  rust,  78%  aluminum  coating  remaining:  M * no  rust,  60%  aluminum  coating  remaining. 


Type  of 
Corrosion** 

e ./ 

Source 

G 

INCO  (3) 

C 

INCO  (3) 

U 

INCO  (3) 

G 

INCO  (3) 

U 

INCO  (3) 

G 

INCO  (3) 

U 

INCO  (3) 

U 

INCO  (3) 

u 

INCO  (3) 

u 

CEL  (4) 

G 

CEL  ( ») 

u 

CEL  (4) 

G 

CEL  (4) 

Tabic  6.  inorganic  Coatings  on  Steels 


■ 

m m 1 -1 

l 

Depth 

<fl) 

Paint  Coating 

Condition 

After 

Exposure1* 

Source^ 

AISI  41  JO 

123 

5.640 

Wash  primer.  MI1.-C-8541 

NPF 

NADC  (7) 

4tl3 

6.780 

Epoxy  primer.  MII.-P-2337? 

1.064 

5.3HI 

Epoxy  topcoat.  MI1.-C-22750 

197 

2.340 

402 

2.370 

AISI  4340 

197 

2.340 

Wash  primer.  MII.-C-XS4I 

NPF 

NADC  (7) 

402 

2.370 

Epoxy  primer,  MIL'E-23377 
Epoxy  topcoat.  MIL- <7-2 2 7 50 

18%  Ni.  niaraging 

123 

5.640 

Wash  primer.  Mil. 0X541 

NPF 

NADC  (7) 

403 

6,780 

Epoxv  primer.  MII.-P-23377 

197 

2.340 

Epoxy  topcoat.  Mil.O-22750 

402 

2.170 

IISI.A  No.  5 

197 

2,340 

Wash  primer.  MII.-OK54! 
Epoxy  primer.  MI1.-P-23377 
Epoxy  topcoat.  MII.-O22750 

NPF 

NADC  (7) 

ilSI.A  No.  4 

1H9 

5.9<8» 

/inc  rich  primer.  X mils 

KS 

CHI.  (4) 

list. A No.  5 

1X9 

5,9181 

Zinc  rich  primer.  X mils 

KS 

CEI,  (4) 

IISI.A  No.  13 

189 

5.9(81 

Zinc  rich  primer.  X mils 

KS 

CEI.  <4> 

IIS  I.  A No.  4 

189 

5.9(81 

Wash  primer.  MII.-OX5 14.  1 mil 

NPF 

CEI.  (4) 

IISI.A  No.  5 

189 

5.9(81 

Zinc  rich  primer,  X mils 

NPF 

CEI.  (4) 

IISI.A  No.  1 3 

189 

5,9>8t 

Epoxy  topcoat,  6 mils 

NPF 

CEI.  (4) 

IISI.A  No.  4 

189 

5.9(81 

Epoxy  tar  primer.  X mils 

NPF 

CEI.  (4) 

IISI.A  No.  5 

189 

5.9(81 

Epoxy  tar  topcoat.  X mils 

NPF 

CEI.  (4) 

IISI.A  No.  1 3 

189 

5.9(81 

NPF 

CEI.  (4) 

IISI.A  No.  4 

189 

5.9(81 

Epoxy  tar  primer.  X mils 

KS.  IPF 

CEI.  (4) 

IISI.A  No.  5 

189 

5.9(81 

Epoxy  tar  topcoat,  aluminum  pigmental.  8 mils 

NPF 

CEI.  (4) 

IISI.A  No.  13 

189 

5.9(81 

NPF 

CEI.  (4) 

IISIwl  No.  3 

197 

2.340 

Epoxy  primer.  162-Y-2t*.  W.l’.  Fuller  Co. 

cm: 

Boeing  16) 

IISI.A  No.  6 

197 

2.340 

Topcoat.  Epicotc  l;»»mh  26-64,  Unit 

C.C 

Boeing  (6) 

12%  Ni,  maraging 

197 

2.340 

Cull  gray.  National  l.ead  Co. 

IPF 

Boeing  (6) 

1 8%  Ni.  niaraging 

197 

2.340 

EPF 

Boeing  (6) 

IX*  AC 

197 

2.340 

CC 

Boeing  16) 

IISI.A  No.  3 

197 

2.34(1 

i'olyurcthanc.  laminar  X5IXI 

PC 

Boeing  (6) 

1 ISI_*\  No.  r* 

197 

2.340 

Printer.  4-Crl4,  green 

PB 

Boeing  (6) 

12%  Ni.  maraging 

197 

2.34(1 

Topcoat.  4-W-IA,  white 

NPF 

Boeing  (6) 

18%  Ni.  maraging 

197 

2,340 

Magna  Coating  and  Chemical  Co. 

FPF 

Boeing  (6) 

IX*  AC 

197 



2.340 

oc 

Boeing  (6) 

“Symbols  signify  the  following: 

fiC  » C»:Mhl  condition.  Hi  • Paint  cracked. 

I;PF  * Few  spots  of  paint  failure.  PB  * Paint  Blistered. 

IPF  * Incipient  paint  failure.  KS  = Bust  stains. 

NPF  No  paint  failure. 

^Numbers  indicate  references  at  end  of  report. 
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Table  7.  Stress  Corrosion  Tests 
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Alloy 

St  rcss 
(ksi) 

Percent 
Yield 
St  renptli 

Exposure 

(slay) 

Depth 

(It) 

Number  ol 
Specimens 
Exposed 

Number 

l*'.iilcd 

Source3 

0.2%  Cu  steel 

_ 

33 

123 

5,640 

3 

0 

NADC  (7) 

0.2%  Cu  steel 

- 

45 

123 

5,640 

3 

0 

NADC  (7) 

0.2%  Cu  steel 

- 

64 

123 

5,640 

3 

0 

NADC  (7) 

AISI  4130 

51 

30 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Cd  plated 

51 

30 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Ni  plated 

51 

30 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Cu  plated 

51 

•0 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130 

51 

30 

751 

5,640 

3 

0 

NADC  (7) 

AISI  4130 

51 

30 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4130 

85 

50 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Cd  plated 

85 

50 

463 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Ni  plated 

85 

50 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Cu  plated 

85 

50 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130 

85 

50 

751 

5,640 

3 

0 

NADC  (7) 

AISI  4130 

127 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4 130,  Cd  plated 

127 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130,  Ni  plated 

127 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  41.1J),  Cu  plated 

127 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4130  *- 

127 

75 

751 

5,640 

3 

0 

NADC  (7) 

AISI  4130 

127 

75 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4 130,  Cd  plated 

127 

75 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4130,  Ni  plated 

127 

75 

197 

2,340 

3 

1 

NADC  (7) 

AISI  4130.  Cu  plated 

127 

75 

197 

2,340 

3 

0 

NADC  (7) 

t AISI  4140 

120 

- 

402 

2,370 

6 

0 

Shell  (9) 

I AISI  41 40,  bolts 

90 

- 

402 

2,370 

6 

°b 

Shell  (9) 

! AiSI  4140,  bolts 

i 

175 

~ 

402 

2,370 

6 

3b 

Shell  (9) 

' AISI  4340  <150  ksi) 

46 

35 

123 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

46 

35 

403 

6,780 

3 

0 

CEL  (4) 

' AISI  4 340  (150  ksi) 

45 

30 

403 

6,780 

3 

0 

NADC  (7) 

| AISI  4340  (150  ksi),  Cd  plated 

45 

30 

403 

6,780 

3 

0 

NADC  (7) 

t AISI  4340  (150  ksi).  Ni  plated 

45 

30 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4 340  ( I 50  ksi),  Cu  plated 

45 

30 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi) 

46 

35 

751 

5,610 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

45 

30 

751 

5,640 

3 

0 

NADC  (7) 

AISI  4340(150  ksi) 

46 

35 

197 

2,340 

3 

0 

CEL  (4) 

•MSI  4341,(150  \si) 

45 

30 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4 340  (150  ksi) 

45 

30 

403 

2,370 

3 

0 

NADC  (7) 

AiSI  4 340  (150  ksi ),  Cd  plated 

45 

30 

403 

2,370 

3 

0 

NADC  (7) 

AISI  4340  U50  ksi).  Ni  plated 

45 

30 

403 

2,370 

3 

0 

NADC  (7) 

MM  43  30  ( 1 50  k-.r.  Cu  plated 

45 

30 

403 

2,370 

3 

0 

NADC  (7) 

MSI  4340(150  ksi) 

66 

50 

123 

5,640 

3 

0 

CEL  (4) 

■ISI  4340  < 150  ksi  1 

66 

50 

403 

6,780 

3 

0 

CEL  (4) 

MSI  4 » to  (150  ksi) 

66 

50 

403 

6,780 

3 

0 

• NADC  (7) 

MM  4 340  ( 1 *<:  i. .,).  Cd  plated 

66 

50 

403 

6,780 

3 

0 

NADC  (7) 

AIM  434"  • 1 50  ksi).  Ni  plated 

66 

50 

403 

6,780 

3 

0 

NADC  (7) 

AIV  * Wo  < i 50  ksi).  t.'u  plated 

66 

50 

403 

6,780 

3 

0 

NADC  (7) 

WM  * 340 « I So  ksi) 

66 

50 

75! 

5,640 

3 

0 

CEL  (4) 

usi  1 »*»>  1 1 5o  ’ si » 

66 

50 

751 

5,640 

3 

0 

NADC  (7) 

«>  ) *Mo  <150  nsil 

66 

50 

197 

2.340 

l 

0 

CEL  (li 

Continued 
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Table  7.  Continued. 


St  rew 

I’ei  cent 

Exposure 

Depth 

Number  of 

Number 

Alloy 

Yield 

Specimens 

Source0 

(ksi) 

Strength 

(day) 

(ft) 

! ;ailed 

Kx  posed 

AISI  4340  (150  ksi) 

66 

50 

402 

Bflja 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

66 

50 

402 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi),  Cd  plated 

66 

50 

402 

2,370 

3 

0 

NADC  (7) 

A1S!  4340  (150  ksi).  Ni  plated 

66 

50 

402 

2,370 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi).  Cu  plated 

66 

50 

402 

2,370 

3 

0 

NADC  (7) 

AISI  4340(150  ksi) 

99 

75 

123 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

99 

75 

403 

6,780 

3 

0 

CEL  (4) 

AISI  4340(150  ksi) 

99 

75 

403 

6,780 

3 

c 

NADC  (7) 

AISI  4340  (150  ksi),  Cd  plated 

99 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi),  Ni  plated 

99 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4340(150  ksi).  Cu  plated 

99 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi) 

99 

75 

751 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

99 

75 

751 

5,640 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi) 

99 

75 

197 

2,340 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

99 

75 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi).  Cd  plated 

99 

75 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi),  Ni  plated 

99 

75 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi),  Cu  plated 

99 

75 

197 

2,340 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi) 

99 

75 

402 

2.370 

3 

0 

CEL  (4) 

AISI  4340  (150  ksi) 

99 

75 

402 

2,370 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi).  Cd  plated 

99 

75 

402 

2,370 

3 

0 

NADC  (7) 

AISI  4340  (150  ksi).  Ni  plated 

99 

75 

402 

2,370 

3 

0 

NADC  (7) 

AISI  4340(150  ksi).  Cu  plated 

99 

75 

402 

2,370 

3 

0 

NADC  (7) 

AISI  4340  (200  ksi) 

65 

35 

123 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

65 

35 

403 

6,780 

2 

0 

CKL  (4) 

AISI  4340  (200  ksi) 

65 

35 

751 

5,640 

5 

0 

CEL  (4) 

AISI  4340  <200  ksi) 

65 

35 

197 

2,340 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

93 

50 

123 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

93 

50 

403 

6.780 

2 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

93 

50 

751 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

93 

50 

197 

2,340 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

93 

50 

402 

2,370 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

139 

75 

123 

5.640 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

139 

75 

403 

6,780 

2 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

139 

75 

751 

5,640 

3 

0 

CEL  (4) 

AISI  4340  (200  ksi) 

139 

75 

197 

2,340 

3 

0 

CEL  (4) 

AISI  4340(200  ksi) 

139 

75 

402 

2,370 

3 

0 

CEL  (4) 

ASTM  A36 

20 

.50 

402 

2,370 

3 

0 

CEL  (4) 

ASTM  A 36 

30 

75 

402 

2,370 

3 

0 

CEL  (4) 

ASTM  A387-D 

24 

50 

402 

2,370 

3 

0 

CEL  (4) 

- .ASTM  A387-.D 

37 

75 

402 

2,370 

3 

0 

CEL  (4) 

HSLA  No.  lc 

38 

35 

197 

2,340 

3 

0 

CEL  (4) 

IISLA  No.  1 

55 

50 

197 

2,340 

3 

0 

CEL  (4) 

HSLA  No.  1 

55 

50 

402 

2,370 

3 

0 

CEL  (4) 

IISLA  No.  1 

82 

75 

197 

2,340 

3 

0 

CEL  (4) 

IISLA  No.  1 

82 

75 

402 

2,370 

3 

0 

CEL  (4) 

HSLA  No.  4‘* 

— 

75 

189 

5,900 

1 

0 

CEL  (4) 

35 


Tabic  7.  Continued. 


Alloy 

Si  rc\s 
(U) 

|*C«  l flit 

YivlJ 

Strength 

lAposure 

(tlay) 

Depth 

(ft) 

Number  of 
Specimens 
Kvposal 

Number 

i:ji)ei! 

. « 
Source 

HSLA  No.  4r 



75 

189 

5,900 

2 

0 

CEL  (4) 

HSLA  No.  / 

- 

75 

189 

5,900 

1 

0 

CEL  (4) 

HSLA  No.  5 

41 

35 

197 

2,340 

3 

0 

CEL  (4) 

HSLA  No.  5 

59 

50 

197 

2,340 

3 

0 

C.EL  (4) 

HSLA  No.  5 

59 

50 

402 

2,370 

3 

0 

CEL  (4) 

HSLA  No.  5 

89 

75 

197 

2,340 

3 

0 

CEL  (4) 

HSLA  No.  5 

89 

75 

402 

2,370 

3 

0 

CEL  (4) 

HSLA  No.  SJ 

- 

75 

189 

5,900 

2 

0 

CEL  (4) 

HSLA  No.  5*’ 

- 

75 

189 

5,900 

2 

0 

CEL  (4) 

HSLA  No.  / 

- 

75 

189 

5,900 

1 

0 

CEL  (4) 

HSLA  No.  1 3J 

- 

75 

189 

5,900 

2 

0 

CEL  (4) 

HSLA  No.  13*' 

- 

75 

189 

5,900 

2 

0 

CEL  (4) 

HSLA  No.  1 / 

- 

75 

189 

5,900 

1 

0 

CEL  (4) 

HS  No.  3* 

86 

50 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  ih 

86 

50 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  : 

129 

75 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  y 

129 

75 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  6 

96 

50 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  6b 

96 

50 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  6 

143 

75 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  6b 

143 

75 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  6* 

96 

50 

189 

5,900 

3 

0 

CEL  (4) 

HS  No.  6b" 1 

96 

50 

189 

5.900 

3 

0 

CEL  (4) 

HS  No.  6* 

143 

75 

189 

5.900 

3 

0 

CEL  (4) 

HS  No.  6Vf 

14? 

75 

189 

5,900 

3 

0 

CEL  (4) 

AISI  502 

18 

50 

197 

2,340 

3 

0 

CEL  (4) 

A1SI  502 

18 

50 

402 

2,370 

3 

0 

CEL  (4) 

AISI  502 

27 

75 

197 

2,340 

3 

0 

CEL  (4) 

AISI  502 

27 

75 

402 

2,370 

3 

0 

CEL  (4) 

18%  Ni,  maraging 

83 

33 

123 

5,640 

3 

0 

NADC  (7) 

18%  Ni,  nuraging 

105 

42 

123 

5,640 

3 

0 

NADC  (7) 

18%  Ni,  maraging 

158 

50 

189 

5,900 

3 

0 

CEL  (4) 

18%  Ni,  maraging'’ 

158 

50 

189 

5,900 

3 

2 

CEL  (4) 

18%  Ni.  maraging 

237 

75 

189 

5,900 

3 

3 

CEL  (4) 

18%  Ni,  maraging” 

237 

75 

189 

5,900 

3 

3 

CEL  (4) 

18%  Ni.  maraging 

~ 

75 

403 

6,780 

3 

3 

NADC  (7) 

18%  Ni,  maraging'-^ 

_ 

75 

403 

6,780 

3 

3 

NADC  (7) 

18%  Ni,  maraging 

-- 

75 

751 

5,640 

3 

0 

NADC  (7) 

18%  Ni.  maraging' 

70 

3S 

197 

2,340 

3 

0 

Boeing  (6) 

18%  Ni.  maraging' 

100 

50 

197 

2,340 

3 

0 

Boeing  (6) 

18%  Ni,  maraging' 

150 

75 

197 

2,340 

3 

0 

Boeing  (6) 

18%  Ni,  maraging 

75 

30 

197 

2,340 

3 

0 

NADC  (7) 

18%  Ni,  maraging 

125 

50 

197 

2,340 

3 

0 

NADC  (7) 

18%  Ni,  maraging 

188 

75 

197 

2,340 

3 

0 

NADC  (7) 

18%  Ni.  maraging' 

75 

30 

197 

2,340 

3 

0 

NADC  (7) 

18%  Ni,  maraging' 

125 

50 

197 

2,340 

3 

0 

NADC  (7) 

18%  Ni,  maraging'1^ 

188 

75 

197 

2,340 

3 

3 

NADC<7> 

Continued 
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Rr 


Alli.v 

St  few 
(ksi) 

Percent 
Yield 
St  rengtli 

Exposure 

(day) 

Depth 

(ft) 

Number  of 
Specimens 
Ex  posed 

Number 

Failed 

a 

sou*  a* 

18%  Ni,  maraging,  Cu  ,;ed/ 

188 

75 

Bill 

IBS 

3 

0 

NADC  (7) 

18%  Ni,  maraging,  Ni  plated* 

188 

75 

IHT 

WESM 

3 

0 

NADC  (7) 

18%  Ni.  maraging. 

188 

75 

mBc-- 

2,370 

3 

3 

NADC  (7) 

18%  Ni.  maraging* 

188 

75 

2,370 

3 

3 

NADC  (7) 

18%  Ni,  maraging 

109 

35 

402 

2,370 

3 

0 

CEL  (4) 

18%  Ni,  maraging 

156 

50 

402 

2,370 

3 

0 

CEL  (4) 

18%  Ni,  maraging 

234 

75 

402 

2,370 

3 

0 

CEL  (4) 

18%  Ni,  maraging* 

109 

35 

402 

2,370 

3 

0 

CEL  (4) 

18%  Ni.  maraging* 

156 

50 

402 

2,370 

3 

0 

CEL  (4) 

18%  Ni,  maraging* 

234 

75 

402 

2,370 

3 

0 

CEL  (4) 

12%  Ni,  maraging 

63 

35 

197 

2,340 

3 

0 

Boeing  (6) 

1 2%  Ni,  maraging 

90 

50 

197 

2,340 

3 

0 

Boeing  (6) 

12%  Ni,  maraging 

135 

75 

197 

2,340 

3 

0 

Boeing  (6) 

^Numbers  refer  to  references  at  end  of  report. 

*V)nc  specimen  failed  in  bottom  sediment,  two  in  water. 

CHSl.A  » high-strength,  tow-alloy  steel. 

^Zinc-rich  primer.  8 mils. 

‘ Zinc-rich  primer,  8 rniis  plus  wash  primer  (MIL-C-8514),  6 mils  plus  epoxy  topcoat,  6 mils. 
Aipoxy  tar  primer.  8 mils  plus  epoxy  topcoat,  8 mils. 

**IIS  » high-strength  steel. 

^Exposed  in  bottom  sediment. 

'TIC!  welded. 

*Cracked  at  edge  of  heat  affected  /one. 
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Mechanical 


!S33555Ss 


751  5,t>40  121  +2  110  +4  12  +31  CEL  (4) 

1,064  5,300  121  j +2  110  +3  12  +32  CEL  (4) 

197  2.340  121  +2  110  +2  12  +39  CEL  (4) 

402  2.370  121  I +1  110  -l  12  +30  CEL  (4) 

1K1  5 121  +1  110  *1  12  +13  CEL  (4) 
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AIS1502  40$  6.780  59  | -5  $6  +1  $$  -17  CEL  (4) 

AIS1  502  751  5.640  59  -8  $6  +6  $$  -38  CEL  (4) 

AISI  502  1.064  5.300  59  1-3  36  I *3  33  -38  CEL  (4) 

AIS1 502 197  2.340 59  | -1 36  I -4 33  -2  CEL  14) 


Table  9.  Kffcct  of  Corrosion  on  Breaking  Strengths  of  Anchor  Chains 
(chains  degreased,  0.75-inch  size) 


Designation 


Kxposurc 


Breaking  l.oad  (lb) 


Depth 

Original 

Final 

5,640 

59.000 

58,500 

6.780 

59.000 

64.5(H) 

5,640 

59,000 

7 1 ,000 

2.340 

59,000 

76.5(H) 

5.640 

57.500 

61.500 

6,780 

57.5(H) 

59.500 

5.640 

57.500 

59,500 

2,340 

57.5(H) 

61,000 

Remarks 


Thin  film  flaky  rust,  broke 
at  bottom  of  socket 

Thin  film  flaky  rust,  broke 
at  bottom  of  socket 

Thin  film  flaky  rust,  broke 
at  bottom  of  socket 

Thin  film  flaky  rust,  broke 
at  end  of  link 

Thin  film  flaky  rust,  broke 
at  end  of  link 

Thin  film  flaky  rust,  broke 
at  end  of  link 

Thin  film  flaky  rust,  broke 
at  end  of  link 

Thin  film  flaky  rust,  broke 
at  end  of  link 


SECTION  J 


COPPER  ALLOYS 


The  excellent  corrosion  resistance  of  copper  anil 
its  alloys  is  partially  ilue  to  its  being  a relatively  noble 
metal.  However,  in  many  environments,  its  satisfac- 
tory performance  depends  on  the  formation  of 
adherent,  relatively  thin  films  of  corrosion  products. 
In  seawater  corrosion,  resistance  depends  on  the 
presence  of  a surface  oxide  film  through  which 
oxygen  must  diffuse  in  order  for  corrosion  to  con- 
tinue. This  oxide  film  adjoining  the  metal  is  cuprous 
oxide  covered  with  a mixture  of  cupric  oxychloride, 
cupric  In  droxide.  basic  cupric  carbonate,  and  calcium 
sulfate.  Since  oxygen  must  diffuse  through  this  film 
for  corrosion  to  occur,  it  would  lie  expected  that 
under  normal  circumstances  the  corrosion  rates 
would  decrease  with  increase  in  time  of  exposure. 

Copper  alloys  corrode  uniformly , hence,  corrosion 
rates  calculated  from  weight  losses  and  reported  as 
mils  per  year  reflect  the  true  condition  of  the  alloys. 
Therefore,  corrosion  rates  for  the  copper  alloys  can 
lie  used  reliably  for  design  purposes.  However,  this 
docs  not  apply  to  those  copper  base  alloys  which  arc 
susceptible  to  parting  corrosion.  (Parting  corrosion  is 
defined  as  'he  selective  attack  of  one  or  more  of  the 
components  of  a solid  solution  alloy.)  Examples  of 
parting  corrosion  are  deaincification,  dcaluminifica- 
non,  denickelification,  dcsiliconifn-ation.  etc. 

The  data  on  the  copper  alloys  were  obtained  from 
the  reports  given  in  References  3 through  19  and  23. 
The  copper  alloys  arc  separated  into  the  different 
classes  of  copper  alloys  (coppers,  brasses,  bron/cs, 
and  copper-nickel  alloys)  for  comparison  and  dis- 
cussion purposes. 

The  chemical  compositions,  corrosion  rates  and 
types  of  corrosion,  stress  corrosion  characteristics, 
and  changes  in  mechanical  properties  due  to  cor- 
rosion of  the  coppers  arc  given  in  Tables  10  through 
13.  ’I  he  effects  of  duration  of  exposure  arc  shown 
graphically  in  Eigures  8 and  1 5. 

The  chemical  compositions,  corrosion  rates  and 
types  of  corrosion,  stress  corrosion  characteristics, 
and  changes  in  mechanical  properties  due  to  the  cor- 
rosion of  the  brasses  are  given  in  Tables  14  through 
17.  The  effects  of  the  duration  of  exposure  arc  shown 
graphically  m Figures  1 1 and  15. 


The  chemical  compositions,  corrosion  rates  and 
types  of  corrosion,  stress  corrosion  characteristics, 
and  changes  in  mechanical  properties  due  to 
corrosion  of  the  bronzes  are  given  in  Tables  18 
through  21.  The  effects  of  the  duration  of  exposure 
arc  shown  graphically  in  Figures  12  and  15. 

The  chemical  compositions,  corrosion  rates  and 
types  of  corrosion,  stress  corrosion  characteristics, 
and  changes  in  mechanical  properties  due  to  cor- 
rosion of  the  copper-nickel  alloys  are  given  in  Tables 
22  through  25.  The  effects  of  the  duration  of 
exposure  are  shown  graphically  in  Figures  13  and  15. 

The  effects  of  depth  and  the  effect  of  the  concen- 
tration of  oxygen  in  seawater  on  the  corrosion  of  the 
copper  alloys  are  shown  in  Figures  9 and  14. 

The  effect  of  the  iron  content  on  the  corrosion  of 
the  copper-nickel  alloys  is  shown  in  Figure  14. 

3.1.  COPPERS 

The  chemical  compositions  of  the  coppers  arc 
given  in  Table  10,  their  corrosion  rates  and  types  of 
corrosion  in  Table  11,  their  resistance  to  stress  cor- 
rosion cracking  in  Table  12,  and  the  changes  in  their 
mechanical  properties  due  to  corrosion  in  Table  13. 

3.1.1.  Duration  of  Exposure 

The  effects  of  the  duration  of  exposure  on  the 
corrosion  of  copper  in  seawater  at  depth,  at  the 
surface,  and  in  the  bottom  sediments  arc  shown 
graphically  in  Figure  8.  At  the  surface  and  at  the 
6,000-foot  depth,  both  in  the  seawater  and  in  the 
bottom  sediment,  the  corrosion  rates  decreased  with 
increasing  duration  of  exposure.  At  the  2,500-foot 
depth  the  corrosion  rates  in  the  seawater  and  in  the 
bottom  sediment  were  essentially  constant.  Also,  the 
corrosion  rates  were  practically  the  same  at  depth  as 
at  the  surface. 

The  beryllium-copper  alloys  lichavcd  very 
similarly  to  copper,  and  their  corrosion  rates  were 
comparable,  lieryllium  copper  chain  corroded  at  the 
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same  rates  and  in  the  same  manner  as  the  alloy  in 
sheet  form.  Welding  by  either  the  TIG  or  MIG  pro- 
cesses as  well  as  aging  at  either  600°F  or  800°F  did 
not  affect  the  corrosion  behavior  of  the  beryllium- 
copper  alloys. 

3.1.2.  Effect  of  Depth 

The  effect  of  depth  on  the  corrosion  of  copper  is 
shown  in  Figure  9.  The  conrosion  of  copper  was  not 
affected  by  depth,  at  least  to  a depth  of  6,000  feet. 

3.1.3.  Effect  of  Concentration  of  Oxygen 

The  effect  of  the  concentration  of  oxygen  in  sea- 
water on  the  corrosion  of  copper  is  shown  in  Figure 
10.  The  corrosion  of  copper  was  unaffected  by  the 
concentration  of  oxygen  in  seawater  within  the  range 
of  0.4  to  5.75  ppm. 

3.1.4.  Stress  Corrosion 

Copper  and  beryllium-coppers  were  exposed  in 
the  seawater  while  stressed  at  values  equivalent  to  30 
and  75%  of  their  respective  yield  strengths  for  the 
periods  of  time  and  at  the  depths  shown  in  Table  12. 
Neither  copper  nor  the  beryllium-coppers  were  sus- 
ceptible to  stress  corrosion.  Aging  at  either  600°F  or 
800°F  did  not  affect  the  stress  corrosion  resistance  of 
beryllium-copper  (CDA  No.  172). 

3.1.5.  Mechanical  Properties 

The  effects  of  exposure  in  seawater  <>n  their 
mechanical  properties  are  given  in  Table  13.  The 
mechanical  properties  of  the  copper  and  the 
beryllium-coppers  were  not  significantly  affected  by 
exposure  in  seawater  at  the  surface  or  at  depth. 

3.1.6.  Galvanic  Corrosion 

Dissimilar  metal  couples  consisting  of  1 x 2-tnch 
strips  of  aluminum  alloy  7075-T6  fastened  to 
1 x 6-inch  strips  of  beryllium-copper  alloy  (CDA  No. 
175)  with  plastic  fasteners  were  exposed  in  seawater 
at  a depth  of  2,500  feet  for  402  days.  After  exposure 
the  7075-T6  was  covered  with  a heavy  uniform  layer 
of  corrosion  products,  while  there  was  a thin  layer  of 


corrosion  products  on  the  CDA  No.  175  alloy.  This 
indicates  that  the  aluminum  was  corroding  galvani- 
cally to  protect  the  beryllium-copper  from  corroding. 

3.2.  BRASSES  (Copper-Zinc  Alloys) 

The  chemical  compositions  of  the  brasses  ... 
given  in  Table  14,  their  corrosion  rates  and  types  of 
corrosion  in  Table  15,  their  resistance  to  stress  cor- 
.rosion  cracking  in  Table  16,  and  the  changes  in  their 
mechanical  properties  due  to  corrosion  in  Ta'  Ic  17. 

3.2.1.  Duration  of  Exposure 

The  effects  of  the  duration  of  exposure  on  the 
corrosion  of  the  brasses  in  seawater  at  depth,  at  the 
surface,  and  in  the  bottom  sediments  arc  shown  in 
Figure  1 1 . 

Since  the  corrosion  rates  of  all  the  brasses,  except 
those  of  alloys,  CDA  No.  280  and  675,  were  so  com- 
parable, the  average  values  for  any  one  time,  depth, 
or  environment  were  used  to  prepare  the  curses  in 
Figure  11.  The  corrosion  rate  values  of  alloys  CDA 
No.  280  (Muntz  Metal)  and  CDA  No.  675  (manganese 
bronze  A)  were  considerably  higher  than  those  of  all 
the  other  brasses.  These  high  rates  were  attributed  to 
the  severe  parting  corrosion  (dezincification)  which 
had  occurred  on  these  two  alloys. 

The  curves  in  Figure  1 1 show  the  effects  of  the 
duration  of  exposure  tin  the  corrosion  of  the  brasses 
in  seawater.  The  corrosion  rates  of  the  biasscs 
decreased  slightly  with  increasing  duration  of 
exposure  at  the  surface  and  at  depths  of  2,500  and 
6,000  feet  both  in  seawater  and  in  the  bottom 
sediments.  The  corrosion  of  the  brasses  was  the  same 
in  the  bottom  sediments  as  in  the  seawater  at  the 
6,000-foot  depth,  hut  slower  in  the  I Hit  tom  sediments 
than  in  the  seawater  at  the  2, 500-foot  depth.  The 
corrosion  in  seawater  was  practically  the  same  at  the 
2,500-foot  depth  as  at  the  6,000-foot  depth.  The 
brasses  corroded  slightly  slower  at  depth  than  at  the 
surface. 

3.2.2.  Farting  Corrosion  (Dezincification) 

The  alloys  attacked  by  parting  corrosion  arc 
shown  in  Table  15.  All  the  brasses,  except  Arsenical 
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Admiralty  (CDA  No.  443),  aluminum  brass,  and 
nickel  brass,  were  attacked  by  parting  corrosion  in 
degrees  varying  from  slight  to  severe.  The  zinc  con- 
tent varied  front  10  to  42%  with  the  severity  of 
parting  corrosion  generally  increasing  with  the  zinc 
content.  Although  the  Arsenical  Admiralty  contained 
about  30%  zinc,  the  addition  of  about  0.03%  arsenic 
rendered  it  immune  to  parting  corrosion,  because  of 
the  2%  aluminum  in  aluminum  brass  and  the  8% 
nickel  in  the  nickel  brass,  they  were  also  immune  to 
parting  corrosion  even  though  they  contained  20  and 
40%  zinc,  respectively. 

3.2.3.  Effect  of  Depth 

The  effect  of  depth  on  the  corrosion  of  the 
brasses  after  1 year  of  exposure  in  seawater  is  shown 
in  figure  9.  Although  there  was  a slight  tendency  for 
the  brasses  to  corrode  more  slowly  at  depth  than  at 
the  surface,  this  slight  decrease  is  not  significant. 

3.2.4.  Kffcct  of  Concentration  of  Oxygen 

The  effect  of  the  concentration  of  oxygen  in  sea- 
water on  the  corrosion  of  the  brasses  after  1 year  of 
exposure  is  shown  in  Figure  10.  The  corrosion  of  the 
brasses  increased  linearly,  but  slightly,  with  increasing 
oxygen  concentration. 

3.2.5.  Stress  Corrosion 

Two  brasses.  CDA  No.  280  and  443,  were 
exposed  in  seawater  while  stressed  at  values  equi- 
valent to  50  and  75%  of  their  respective  yield 
strengths  for  the  periods  of  tunc  and  at  the  depths 
given  in  I able  Ki.  Neither  alloy  was  susceptible  to 
stress  corrosion  at  cither  depth,  2,500  or  6,000  feet, 
after  4(H)  days  of  exposure. 

3.2.6.  Mechanical  Properties 

The  effects  of  corrosion  on  the  mechanical  pro- 
perties of  three  brasses  arc  given  in  Table  17.  The 
mechanical  properties  of  Arscrtca!  Admiralty  were 
not  unpaired,  while  those  of  .Muntz  Metal  and  nickel- 
manganesc  bronze  were  impaired.  I he  degree  of 
impairment  increased  with  the  tunc  of  exposure  at 
lx>th  depths.  2.500  and  6.000  feet.  The  degree  of 


impairment  in  both  alloys  roughly  paralleled  the 
severity  of  the  parting  corrosion. 

3.2.7.  Corrosion  Products 

The  corrosion  products  which  formed  on  cast 
nickel-manganese  bronze  during  403  days  of  exposure 
at  a depth  of  6,000  feet  were  analyzed  by  X-ray  dif- 
fraction, spectrographic,  infra-red  spcctiophotometcr, 
and  quantitative  analyses  methods.  The  corrosion 
products  were  composed  of  cupric  chloride 
(CuCI  2 *2 II  20) ; copper  hydroxychloride 
(Cu2(OH)jCI);  copper  as  metal.  35.98%;  minor 
amounts  of  aluminum,  iron,  silicon,  and  sodium; 
chloride  ions  as  Cl,  0.91%;  sulfate  ions  as  S04, 
11.53%;  small  quantities  of  an  organic  compound  or 
compounds  present  due  to  decomposed  algae  and 
vegetative  materials. 

3.3.  BRONZES 

The  chemical  compositions  of  the  bronzes  arc 
given  in  Table  18,  their  corrosion  rates  and  types  of 
corrosion  in  Table  19,  their  resistance  to  stress  cor- 
rosion in  I able  20,  and  the  changes  in  tiieir  mechan- 
ical properties  due  to  corrosion  h Table  21. 

3.3.1.  Duration  of  Exposure 

The  effects  of  the  duration  of  exposure  on  the 
corrosion  of  the  bronzes  in  seawater  at  depths,  at  the 
surface,  and  in  the  bottom  sediments  are  shown  in 
Figure  12. 

Since  the  corrosion  rates  of  all  the  bronzes, 
except  those  of  alloys  CDA  No.  653  and  655  (silicon 
bronzes),  were  so  comparable,  the  average  values  for 
any  one  time,  depth,  or  environment  were  used  to 
prepare  the  curves  in  Figure  12.  Because  the  cor- 
rosion rates  of  the  silicon  bronzes  were  so  much 
greater  than  those  of  the  other  bronzes,  they  were 
not  averaged  with  the  others.  They  arc  shown  in 
Figure  12  as  a separate  curve  that  includes  the  rates 
for  both  depths  as  well  is  those  for  the  surface.  I he 
average  corrosion  of  the  bronzes  in  seawater  ami  in 
the  bottom  sediments  was  essentially  constant  with 
increasing  dural. un  of  exposure.  Also,  it  was  essen- 
tially the  same  at  the  2, 500-foot  depth  as  at  the 
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6,000-foot  depth,  both  in  the  seawater  and  in  the 
bottom  sediments.  The  corrosion  of  the  silicon 
bronzes  was  greater  than  that  of  the  other  bronzes  at 
depth  and  at  the  surface;  it  decreased  with  increasing 
duration  of  exposure  until  it  was  the  same  as  the 
other  bronzes  after  i,064  days  of  exposure.  The 
average  corrosion  of  the  bronzes  in  surface  seawater 
was  greater  than  at  depth,  and  it  decreased  with 
increasing  duration  of  exposure. 

3.3.2.  Parting  Corrosion 

Parting  corrosion  was  found  on  all  the  aluminum 
bronzes  (dcaluminification)  and  on  the  silicon 
bronzes  (coppering)  as  shown  in  Table  19.  The 
parting  corrosion  was  most  severe  on  the  cast  alloy 
containing  10,  11,  and  13%  aluminum.  There  was 
much  less  on  the  wrought  aluminum  bronzes  with 
there  lieing  very'  few  cases  of  slight  attack  on  the 
alloy  containing  5%  aluminum  and  more  cases  on  the 
alloy  containing  7%  aluminum.  The  parting  corrosion 
on  the  silicon  bronzes  occurred  only  occasionally,  but 
its  rating  varied  from  slight  to  severe. 

3.3.3.  Effect  of  Depth 

The  effect  of  depth  on  the  corrosion  of  the 
bronzes  after  1 year  of  exposure  in  seawater  is  shown 
in  Figure  9.  The  bronzes  corroded  slightly  slower  at 
depth  than  at  the  surface,  but  the  difference  was  not 
considered  to  lie  significant.  For  practical  purposes 
depth  docs  not  influence  the  corrosion  of  the 
bronzes. 

3.3.4.  Effect  of  Concentration  of  Oxygen 

The  effect  of  the  concentration  of  oxygen  in  sea- 
water on  the  corrosion  of  the  bronzes  after  1 year  of 
exposure  is  shown  in  Figure  10.  The  corrosion  of  the 
bronzes  increased  linearly,  but  sightly,  with 
increasing  oxygen  concentration,  and  at  5.75  ml/l 
oxygen  they  were  corroding  at  the  same  rate  as 
copper  and  other  copper  alloys. 

3.3.5.  Stress  Corrosion 

Four  bronzes,  phosphor  bronze  A,  phosphor 
bronze  I),  aluminum  bronze  5%,  and  silicon  bronze 
A,  were  exposed  in  seawater  to  determine  their 


susceptibility  to  stress  corrosion.  They  were  stressed 
at  values  equivalent  to  35,  50,  and  75%  of  their 
respective  yield  strengths  as  shown  in  Table  20.  They 
were  not  susceptible  to  stress  corrosion  for  periods  of 
exposure  of  400  days  at  either  depth. 

3.3.6.  Mechanical  Properties 

The  effects  of  corrosion  on  the  mechanical 
properties  of  four  bronzes  are  given  in  Table  21.  The 
mechanical  properties  of  the  phosphor  bronzes  A and 
D were  not  affected  by  exposures  at  depth.  The 
decreases  (12,  27,  and  29%)  in  the  elongation  of  the 
aluminum  bronze  were  attributed  to  parting  cor- 
rosion. Also,  the  decrease  in  the  mechanical 
properties  of  silicon  bronze  A after  403  days  of 
exposure  in  the  bottom  sediments  at  a depth  of  6,000 
feet  was  attributed  to  parting  corrosion. 

3.3.7.  Corrosion  Products 

Chemical  analyses  of  the  corrosion  products 
removed  from  aluminum  bronze  showed  the  presence 
of  copper  oxy-chloride,  cupric  chloride;  major 
elements,  copper  and  aluminum;  minor  elements, 
iron,  magnesium,  calcium,  and  silicon;  chloride  ion, 
0.9%,  and  sulfate  ion,  9.0%. 


3.4.  COPPER-NICKEL  ALLOYS 

The  chemical  compositions  of  the  copper-nickel 
alloys  arc  given  in  Table  22,  their  corrosion  rates  ami 
type  of  corrosion  in  "Table  23,  their  resistance  to 
stress  corrosion  in  Table  24,  and  the  changes  in  their 
mechanical  properties  due  to  corros’on  in  Table  25. 

3.4.1.  Duration  of  Exposure 

The  effects  of  the  duration  of  exposure  on  the 
corrosion  of  the  copper-nickel  alloys  in  seawater  at 
depths,  at  the  surface,  and  in  the  bottom  sediments 
arc  shown  in  Figure  13. 

Because  the  corrosion  rates  of  all  the  copper- 
nickel  alloys  were  comparable,  average  values  for  any 
one  time,  depth,  or  environment  were  used  to  con- 
struct the  curves  in  Figure  13.  The  average  corrosion 
at  the  surface  and  at  the  6,000-foot  depth,  both  in 
seawater  and  in  the  bottom  sediments,  decreased 
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linearly  with  increasing  duration  of  exposure,  while 
corrosion  attack  was  constant  in  seawater  and  in  the 
bottom  sediments  with  increasing  duration  of  expo- 
sure at  the  2,5(H)-foot  depth.  Corrosion  at  the 
2,500-foot  depth  was  slightly  less  rapid  titan  at  the 
surface  or  the  6,000-foot  depth.  Conosion  in  surface 
seawater  decreased  at  a more  rapid  rate  than  at  depth. 
The  differences  in  the  corrosion  rates  of  the  copper- 
nickel  alloys  in  the  different  environments  were  so 
small  that,  for  practical  purposes,  they  can  l>c  con- 
sidered to  be  the  same. 

3.4.2.  Effect  of  Depth 

The  effect  ot  depth  on  the  corrosion  of  the 
copper-nickel  alloys  after  I year  of  exposure  in  sea- 
water is  shown  in  l:igurc  9.  Depth  exerted  no  influ- 
ence on  the  corrosion  of  the  copper-nickel  alloys 
during  1 year  of  exposure,  at  least  to  a depth  of 
6.000  feet. 

3.4.3.  Effect  of  Concentration  of  Oxygen 

The  effect  of  the  concentration  of  oxygen  in  sea- 
water on  the  corrosion  of  the  copper-nickel  alloys 
after  1 year  of  exposure  is  shown  in  Figure  10.  The 
corrosion  increased  slightly  with  increasing  oxygen 
concentration  during  1 year  of  exposure. 

3.4.4.  Effect  of  Iron 

Copper-nickel  alloys  with  iron  contents  varying 
between  0.03  and  5%  were  among  the  alloys  in  this 
program.  The  effects  of  iron  on  the  corrosion  of  these 
alloys  after  400  days  and  1,064  days  of  exposure  at 
the  6,000-foot  depth  are  shown  in  Figure  14. 
Generally,  the  rates  of  corrosion  decreased  with 
increasing  iron  content. 

3.4.5.  Stress  Corrosion 

* > . 

Four  copper- -lickel  alloys  were  exposed  in  sea- 
water to  determine  their  susceptibility  to  stress 
corrosion  under  the  conditions  given  in  T-»blc  24. 
They  were  not  susceptible  to  stress  corrosion. 

3.4.6.  Mechanical  Properties 

The  effects  of  corrosion  on  the  mechanical  pro- 
perties of  five  copper-nickel  alloys  arc  given  in  Table 


25.  The  mechanical  properties  were  not  adversely 
affected  during  exposure  at  the  depths  and  during  the 
times  of  exposure  given  in  Table  25. 

3.4.7.  Corrosion  Products 

Chemical  analyses  of  the  corrosion  products 
removed  from  70%  copper-30%  nickcl-5%  iron 
exposed  for  75 1 days  at  a depth  of  6,000  feet  showed 
that  they  were  composed  of  nickel  hydroxide 
(Ni(OH)2);  cupric  chloride  (CuCI2);  major  elements, 
copper  and  nickel;  minor  -lements,  iron,  magnesiun, 
sodium,  and  traces  of  silicon,  and  manganese; 
chloride  ion  as  Cl,  4.77%;  sulfate  ions  as  SO4.  0.80%; 
copper  as  metal,  43.63%. 

3.5.  ALL  COPPER  ALLOYS 

The  effects  of  the  duration  of  exposure  on  the 
corrosion  of  all  the  copper  alloys  in  seawater  at  the 
surface  and  at  the  6,000-foot  depth  are  summarized 
in  Figure  15.  Their  rates  of  corrosion  decreased 
essentially  linearly  with  increasing  duration  of 
exposure.  Their  rates  were  also  comparable  and  were 
essentially  the  same  after  1,064  days  of  exposure. 

The  corrosion  of  all  the  copper  alloys  was  not 
affected  by  depth  as  shown  in  Figure  9. 

The  corrosion  of  copper  and  the  silicon  bronzes 
was  not  influenced  by  changes  in  the  concentration 
of  oxygen  in  seawater  during  1 year  of  exposure, 
while  that  of  the  other  alloys  increased  with 
increasing  oxygen  concentration,  as  shown  in  Figure 
10. 

None  of  the  copper  alloys  were  susceptible  to 
stress  corrosion. 

The  mechanical  properties  of  copper,  the 
beryllium-copper  alloys,  copper-nickel  alloys, 
phosphor  bronzes  A and  D,  and  Arsenica!  Admiralty- 
brass  were  not  adversely  affected  by  exposure  in  sea- 
water cither  at  the  surface  or  at  depth.  Those  of  5% 
aluminum  bronze,  silicon  bronze  A,  Muntz  Metal,  and 
nickcl-mangancse  bronze  were  adversely  affected. 

Aluminum  alloy  7075-T6  was  galvanically  cor- 
roded when  in  contact  with  beryllium-copper. 

All  the  brasses  containing  from  10  to  42%  zinc, 
except  Arsenical  Admiralty,  aluminum  brass,  nickel 
brass,  all  the  aluminum  bronzes,  and  the  silicon 
bronzes,  were  attacked  by  parting  corrosion. 
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; oir.nwn  products  ronsiMd  ( .upnc  chloride 
«».;*■.,*»-, W,  copper  oxvchionnc  (Cu2(OI  I t('l ), 
nickel  hvi.roside  tVi(OII),),  copper,  aluminum, 
nickel,  iron,  silicon,  sodium,  magnesium,  manganese, 
calcium,  chlonde  ion.  and  sulfate  ion. 
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Table  11.  Continued 


Cl) A No.  Environment' 


Copper, 

Copper, 

Cop|H4r, 

Copper. 

Copper. 

Copper. 

Copper. 

Copper. 

Copper, 

Copper. 

Copper. 

Copper. 

Copper. 

Clipper. 

lle-Cu' 

Bc-Cu 

lle-Cu 

lle-Ct. 

Ile-C.u 
lle-Cu 
lle*<  !u 
lle-Cu 
lle-Cu 
lle-Cu 
BfCu 
lle-Cu 
j lle-Cu 
l lle-Cu 
i lle-Cu 
, lle-Cu 
He  < u 
lle-Cu 
lle-Cu’’ 
lle-Cu* 
lle-Cu* 
lie  ( u* 

| lie  (.u* 

! lie  ( u* 


Depth 

(ft) 

Corrosion 

Kate 

(mpy) 

Type  of 
Corrosion* 

2.340 

W 

U 

2.340 

U 

2.340 

■ffjH 

U 

2.370 

0.9 

U 

2.370 

1.4 

V 

2.370 

0.6 

V 

2.370 

0.2 

KT 

5 

1.4 

I*  (22m) 

5 

I.K 

C. 

5 

1.2 

C. 

5 

0.7 

V 

5 

1.1 

C.  I»(37m) 

5 

0.9 

Ci.  I»  (22m) 

5 

0.9 

(i.  1*  (20m) 

5.640 

0.5 

0 

5.640 

0.5 

U 

2.340 

0.0 

NC 

2.370 

0.6 

C 

5.640 

0.5 

C 

5.640 

0.5 

V 

5.6 10 

o.5 

V 

5.640 

0.5 

V 

2.340 

0.2 

V 

2.340 

0.2 

V 

2.370 

0.5 

U 

2.370 

0.4 

V 

2.370 

0.6 

V 

2.370 

o 5 

V 

5 

o.l 

V 

5 

1.1 

V 

5 

0.8 

V 

5 

0.8 

V 

2.370 

0.5 

yj 

2.370 

0.5 

v> 

5 

o.l 

V 

5 

J.o 

V 

5 

0.7 

V 

5 

0.8 

V 

2.370 

0.6 

l-T 

2.370 

0.5 

KT 

Source1* 
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Table  11.  Continued 


CDA  No.J 

b 

Invironmcnt 

lixposurc 

(il.IV) 

Depth 

(ft) 

Corrosion 

Kate 

(mpy) 

1 

Type  of 
Corrosion' 

Source'* 

172 

w 

181 

5 

0.1 

KT 

Oil.  (4) 

172 

vv 

364 

5 

1.1 

U 

CKI.  (4) 

172 

w 

72  3 

5 

0.7 

u 

ci:i.  (4) 

172 

\v 

763 

5 

0 7 

u 

CKI.  (4) 

825 

w 

402 

2.370 

0.5 

u 

CKI.  (4) 

825 

s 

402 

2.370 

0.4 

u 

CKI.  (4) 

825 

w 

181 

5 

0.1 

u 

CHI.  (4) 

825 

\v 

364 

5 

1.0 

u 

CKI.  (4) 

825 

sv 

723 

5 

0.8 

u 

CKI.  (4) 

L *” 

\v 

763 

5 

0.8 

1‘  (30.5m).  C (7m) 

CKI.  (4) 

Copper  Development  Association  alios  numbers. 

W - totalis  exposed  in  seassatcr  on  sides  of  structure 

S exposed  ii>  base  of  structure  so  tfut  the  losser  portions  ot  the  specimens  ssere  embedded  in  tilt 
bottom  H'diments 


Symbols  lot  types  ot  corrosion 

C - ("res ice  I*  - Pitting 

'•'I  = I tching  C - I'niforin 

(.  - (.eneral 
SC  ■=  No  corrosion 

Number'  indicate  mils  ti.e  . 2u  = 20  mils.  2tim  = 20  mils  maximum) 
* Numbers  reter  to  reteieuces  at  end  ot  report. 

l-iancis  I I at  itic  ( orrosi.m  I iboiators.  INCO.  Wriglitss die  I leach.  N.C. 

' lies  Ilium-copper 
Age  I ai  (iOO"l 
\gecl  at  Sl»o,4|- 
’MIC.  sseld 

ITtitorm  sseld  bead  etched 
I It.  sscid 


Tabic  1 2.  Stress  Corrosion  of  Coppers 


CDA  No. 


Copper.  O free 
Copper.  O free 


Yield 

Strength 

(%) 


Exposure 

(day) 


Copper  Development  Association  alloy  number. 
^’Numbers  refer  to  references  at  end  of  report. 

‘ beryllium-copper 
‘'Aged  at  6«>«>”F 
'’Aged  at  800°l- 


Specimens 

Exposed 

Failed 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 

0 

3 



0 

Source*' 


CEL  (4) 
CEL  (4) 
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Table  15.  Corrosion  Rates  and  Types  of  Corrosion  of  Copper-Zinc  Alloys  (Brasses) 


Alloy 

CDA 

No.J 

Environment6 

Exposure 

(day) 

Depth 

(ft) 

Corrosion 

Rate 

(n-.py) 

Type  of 
Corrosion 

Commercial  Bronze 

220 

W 

123 

5,640 

0.6 

U 

Commercial  Bronze 

220 

S 

123 

5,640 

0.3 

U 

Commercial  Bronze 

220 

w 

403 

6,780 

0.6 

U 

Commercial  Bronze 

220 

s 

403 

6,780 

<0.1 

u 

Commercial  Bronze 

220 

w 

751 

5,640 

0.6 

C (9) 

Commercial  Bronze 

220 

s 

751 

5,640 

0.4 

C (20) 

Commercial  Bronze 

220 

w 

1,064 

5,300 

0.4 

C (20) 

Commercial  Bronze 

220 

s 

1,064 

5,300 

0.6 

U 

Commercial  Bronze 

220 

w 

197 

2,340 

0.3 

U 

Commercial  Bronze 

220 

s 

197 

2,340 

0.1 

NU-ET 

Commercial  Bronze 

220 

w 

402 

2.370 

0.2 

SL-DZ 

Commercial  Bronze 

220 

s 

402 

2,370 

<0.1 

SL-DZ 

Commercial  Bronze 

220 

w 

181 

5 

1.1 

U 

Commercial  Bronze 

220 

w 

366 

5 

1.1 

P(4) 

Red  Brass 

230 

w 

123 

5,640 

1.3 

U 

Red  Brass 

230 

s 

123 

5,640 

1.7 

SL-DZ 

Red  Brass 

230 

w 

123 

5,640 

1.9 

U 

Red  Brass 

230 

w 

4>/3 

6,780 

1.2 

SL-DZ 

is  ?d  Brass 

230 

s 

403 

6,780 

0.4 

GBSL 

i <-'  3rass 

230 

w 

751 

5,640 

0.9 

SL-DZ 

Red  Brass 

230 

s 

751 

5,640 

0.7 

U 

Red  Brass 

230 

w 

751 

5,640 

0.7 

u 

Red  Brass 

230 

w 

1,064 

5,300 

0.6 

SL-DZ 

Red  Brass 

230 

s 

1,064 

5,300 

0.3 

G 

Red  Brass 

230 

w 

1,064 

5,300 

0.6 

U 

Red  Brass 

230 

w 

197 

2,340 

1.0 

u 

Red  Brass 
Red  Brass 
Red  Brass 
Red  Brass 
Red  Brass 
Red  Brass'” 

Commercial  Brass 

Yellow  Brass 

Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 


U 
U 
KT 
SL-DZ 
CR  (6) 
U 

S-DZ 

MO-DZ 

U 

u 

u 

GBSL 

SL-DZ 

SL-DZ 


Source 

1NCO  (3) 
1NCO  (3) 
INCO  (3) 
1NCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 

INCO  (3) 
INCO  (3) 
MEL  (5) 
INCO  (3) 
INCO  (3) 

1 INCO  (3) 
INCO  (3) 
MEL  (5) 
INCO  (3) 
INCO  (3) 
MEL  (5) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
MEL  (5) 

CEL  (4) 

I 

CEL  (4) 

INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 

Continued 


63 


Table  15.  Continued. 


Environment0 


Yellow  brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 
Yellow  Brass 

Mum/  Metal 
Mum/  Metal 
Muntz.  Metal 
Muntz  Metal 
Muntz.  Metal 
Muntz.  Metal 
Muntz.  Metal 
Muntz  Metal 
Muntz  Metal 
Muntz  Metal 
Muntz.  Metal 
Muntz  Metal 
Muntz  Metal 
Muntz.  Metal 
Muntz.  Meta! 

Muntz  Metal 
Muntz  Metal 
Muntz  Metal 
Muntz  Metal 
Muntz.  Metal 
Muntz.  Metal 
Muntz  Metal 
Muntz.  Metal 
Muntz.  Metal 
Muntz.  Metal 
Muntz  Metal 
Muntz.  Metal 

Arsenical  Admiralty 
/'  enical  Admiralty 
Arsenical  Admiralty 
Arsenical  Admiralty 
Arsenical  Admiralty 
Arsenical  Admiralty 


xposure 

(day) 

Depth 

(ft) 

Corrosion 

Kate 

(mpy) 

1,064 

5.300 

0.6 

1,064 

5,300 

0.5 

197 

2,340 

0.9 

197 

2,340 

0.2 

402 

2,370 

0.9 

402 

2,370 

0.1 

181 

5 

2.1 

366 

5 

1.3 

123 

5,640 

1.6 

123 

5,640 

2.1 

123 

5,640 

1.3 

123 

5,640 

1.5 

403 

6,780 

2.6 

403 

6.780 

3.3 

403 

6,780 

1.8 

403 

6,780 

0.6 

751 

5,640 

3.2 

751 

5.640 

4.0 

751 

5,640 

1.7 

1,064 

5,300 

2.3 

1,064 

5.300 

0.8 

197 

2,340 

0.7 

197 

2.340 

0.7 

197 

2.340 

0.5 

197 

2.340 

<0.1 

402 

2,370 

0.7 

402 

2,370 

0.7 

402 

2,370 

0.6 

402 

2.370 

0.1 

181 

5 

2.4 

181 

5 

3.4 

366 

5 

3.7 

398 

5 ! 

3.1 

540 

5 

3.4 

X 

X 

vr» 

5 

3.3 

123 

5,640 

1.0 

123 

5.640 

1.1 

123 

5,640 

1.0 

123 

5,640 

1.0 

403 

6,780 

0.7 

403 

6,780 

0.8 

Type  of 
Corrosion' 


GBSL 

G-DZ 

S-DZ 

S-DZ 

S-DZ 

U 

SI.-DZ;  P (10) 
U 

SI.-DZ;  P (5) 
SI.-DZ' 
SI.-DZ 


DZ,  l>  (6) 


CEL 
INCO  (3) 


INCO  (3) 
CEL  (4) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
CEL  (4) 
INCO  (3) 
INCO  (3) 
CEL  (4) 
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Tabic  15.  Continued. 


Alloy 

CDA 

No.J 

Environment* 

— 

Exposure 

(day) 

Depth 

(ft) 

— 

Corrosion 

Kate 

(mpy) 

Type  of 
Corrosion* 

Source1* 

Arsenical  Admiralty 

443 

S 

6,780 

U 

CEL  (4) 

Arsenical  Admiralty 

443 

S 

6,780 

0.2 

GBSL 

INCO  (?) 

Arsenical  Admiralty 

443 

w 

751 

5,640 

0.6 

U 

CEL  (4) 

Arsenical  Admiralty 

443 

w 

751 

5,640 

0.7 

U 

INCO  (3) 

Arsenical  Admiralty 

443 

s 

751 

5,640 

0.4 

u 

CEL  (4) 

Arsenical  Admiralty 

443 

s 

751 

5,640 

0.5 

u 

INCO  (3) 

Arsenical  Admiralty 

443 

w 

1.064 

5,300 

0.5 

u 

INCO  (3) 

Arsenical  Admiralty 

443 

s 

1,064 

5,300 

0.5 

u 

INCO  (3) 

Arsenical  Admiralty 

443 

w 

197 

2,340 

0.6 

u 

CEL  (4) 

Arsenical  Admiralty 

443 

w 

197 

2,340 

1.0 

u 

INCO  (3) 

Arsenical  Admiralty 

443 

s 

197 

2,340 

0.2 

u 

CEL  (4) 

Arsenical  Admiralty 

443 

s 

197 

2,340 

<0.1 

u 

INCO  (3) 

Arsenical  Admiralty 

443 

w 

402 

2,370 

0.6 

u 

CEL  (4) 

Arsenical  Admiralty 

443 

w 

402 

2,370 

0.6 

u 

INCO  (3) 

Arsenical  Admiralty 

443 

s 

402 

2,370 

0.4 

u 

CEL  (4) 

Arsenical  Admiralty 

443 

s 

402 

2,370 

0.1 

ET 

INCO  (3) 

Arsenical  Admiralty 

443 

A' 

181 

5 

1.3 

U 

CEL  (4) 

Arsenical  Admiralty 

443 

w 

181 

5 

1.8 

G 

INCO  (3) 

Arsenical  Admiralty 

443 

w 

366 

5 

1.3 

U 

INCO  (3) 

Arsenical  Admiralty 

443 

w 

608 

5 

1.1 

U;  l-P 

CEL  (4) 

Naval  Brass 

464 

w 

123 

5,640 

1.2 

U 

MEL  (5) 

Naval  Brass 

464 

w 

751 

5,640 

0.6 

U 

MEL  (5) 

Naval  Brass 

464 

w 

1,064 

5.300 

0.7 

U 

MEL  (5) 

Naval  Brass 

464 

w 

1,064 

5,300 

1.0 

S-DZ 

CEL  (4) 

Naval  Brass*’ 

464 

w 

364 

5 

0.7 

u 

MEL  (5) 

Tobin  Bronze 

- 

w 

1,064 

5,300 

0.9 

S-DZ 

CEL  (4) 

Mn  Bronze  A 

675 

w 

123 

5,640 

2.9 

EX-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

s 

123 

5,640 

2.0 

EX-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

w 

403 

6,780 

2.7 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

s 

403 

6,780 

0.9 

S-DZ 

INCO  (3) 

Mn  Bron/e  A 

675 

w 

751 

5,640 

7.2 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

s 

751 

5,640 

2.6 

V-S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

w 

1,064 

5.300 

2.0 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

s 

1,064 

5,300 

1.2 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

w 

197 

2.340 

1.2 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

s 

197 

2,340 

0.2 

SL-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

w 

402 

2,370 

0.8 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

s 

402 

2,370 

<0.1 

SL-DZ 

INCO  (3) 

Mu  Bronze  A 

675 

w 

18! 

5 

4.8 

S-DZ 

INCO  (3) 

Mn  Bronze  A 

675 

w 

366 

5 

1.9 

S-DZ 

INCO  (3) 

Continued 
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Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 
Ni  Brass 


(.i.iilinuc-ii 


i 


Tabic  IS.  Continued. 


I 


IS 


I 


L 


Alloy 

c:da 

No.J 

Environment* 

— 

Exposure 

(day) 

— 

Depth 

(ft) 

Corrosion 

Kate 

(mpy) 

Type  of 
Corrosion1- 

Source1* 

Nt  Brass 

- 

W 

181 

5 

1.1 

U 

INCO  (3) 

Ni  Brass 

- 

W 

366 

5 

0.9 

U 

INCO  (3) 

JCoppc  Development  Association  alloy  nutnlier 

h\\  = Totally  exposed  w seawater  on  sides  of  structure.  S = Exposed  in  base  of  structure 


so  that  the  lower  portions  of  the  specimen  were  embedded  in  the  bottom  sediments. 
‘ Symbols  for  types  of  corrosion 


Numbers  indicate  maximum  depth  in  mils. 

'^Numbers  refer  to  references  at  end  of  report. 

‘’l-rancis  I..  L.iQue  Corrosion  Laboratory.  IN(!C).  Wrightxvillc  Beach.  N.C. 
^ At  spacer. 

*Cast  alios 
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C 

••  Crevice 

MD 

= 

Medium 

‘4 

3 

CK 

- Cratering 

MO 

= 

Moderate 

3 

DZ 

= Dc/mcifieation 

NU 

= 

Nonuniform 

\ 

IT 

= Etching 

l> 

= 

Pitting 

\ 

EX 

= Extensive 

S 

= 

Severe 

X 

1 

C, 

= General 

SI. 

= 

Slight 

4 

4 

CBSI. 

= General  below  sediment  line 

u 

= 

Uniform 

£ 

1 

= Incipient 

V 

= 

Very 

5 
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I .ii>If  IS.  ( hfiiiK.il  ( utnp'iMt iDii  <>l  ( tipper  \llo\  \ I Bron/es).  Percent  Its  Weight 


\iluv 

( l).\  No  •* 

r 

• < u 

Sli 

/n  j \» 

\1 

It 

Sl 

n. 

i* 

Mn 

b 

Sonne 

(.  bronze* 

MS  O 

2 o 

i 

in.**  j 

INTO  1 5 1 j 

MuJiticJ  < . luon/c‘ 

88.0 

So 

4.0  j 

INI  0(5)  J 

M bron/c* 

ss.2 

r>  o 

o. : 

2.0 

ini  on*  ! 

1 c jtlci!  Mt  brort/c* 

H5  •» 

5.0 

So  1 

5.0 

INI. O (5)  I 

l*ho\|*lu»r  brnu/t  \ 

Sin 

*14.1*4 

4*14 

■ O.lo 

• 0.05 

0.2b 

CM  (4)  ! 

l*no>phor  liftm/i  \ 

5li> 

V6.0 

4.11 

* 

0.25 

INTO  >5)  ) 

Phosphor  bfon/i  \ 

Sill 

‘it  r»2 

* 44 

■ ll.  Ill  1 

■ o.o5 

n.iKi 

I'l, 1.(4) 

l,h«»%j'h«>r  bronze  1 > 

524 

Vo  tHI 

* 0.10  j 

• o.o5 

0.17 

I l.l  (41 

\i  bron/i  5 * 

fit >z. 

05  ii 

1 

<.o 

INI O (5) 

\\  bronze  5 

f»Of» 

*>5  1 1 

i 

4.:,. 

nos 

I 1 1 14) 

\l  bron/i  5 

oik» 

! 

ItocmiMb)  * 

\1  broil/* , ~ 

-.14 

VO  I I 

it.  i j j 

<>.5‘t 

5.15 

- o.o2 

a i (4)  ; 

Al  bronze.  7 

l»|4 

VO  o 

i 

7.0 

3.o 

INTO  (5) 

\t brou/t  7* 

r»14 

ss.o 

■ 

V.o 

5 " 

NAIM  (7)  1 

\:  br*  n/e,  lo* 

«i*  J 

so  o 

j 

* 

loo 

l.o 

l 

1 

INI  OH)  j 

\i  :«•»!/»,  1 1 4 

‘>5  * 

X(.  o 

i 

lo.o 

4.0 

i 

INIOH)  : 

\i  bronze  1 1 

054 

So  * 

10.0 

i 

i 

Mi  l (5.  ) 

\i bron/i  1 * 

x;  o 

l 5 o 

4.0 

IMOijl 

Nj  \I  bioii/i 

s?  5 

:.s 

lo.o 

4.0 

Ml  1 *S) 

Nl  \t  bfofl/t  \»»  1 

so  o 

4 I) 

1 1 II 

4 O 

! 

1.0 

INI  0(1) 

V M l ron/t  N.»  1 

so  o 

: 4.i 

111  I) 

4 O 

' 

1 

MU  < 5)  1 

\»  \l  \«.  7 

so.o 

i 5.o 

111  II 

4.0 

■ 

, 

o 5 

INI  O I *)  I 

\i  \1  bron/i  No  ; 

Si  m i 

t <> 

*)  II 

? 5 

i 

5.0 

INI  0(51  j 

Si  bronze  * 

ro  ? 

«I7  0 

i 

y O 

! 

IM  0(51  j 

Si  • r«» r»/t  \ 

f.S< 

•It.  v> 

| 

no’ 

3.2X 

1 IS 

U 1 (4) 

s,  *.r.  ..-!.T  \ 

(,  S'. 

<»>  o 

5.0 

< 

1.0 

IM  (>  (5)  i 

Sj  bron/i  \ 

bn  o 

; 

_l.ll 

\ 

1 o 

1 toeing  tM  j 

Ni  \ u bron/t  \ 

SK  O 

s II 

2 o j ‘.*i 

1 

INI  O 15)  j 

' N k \t«  bron/i  St 

K"  O 

5 o 

! s.o 

i 

I o 

INIOl.t)  | 

Ni  \ < t r 

i-  . . 

SO  o 

!.*'•  L \°.  L5<\ 

S o 

IMIIi.1)  j 

< tfjur  n:  \s\4H  iih.ii  4l«tt\  mrTMtr 


Ntnnl*rr*  r»  t<  r ii»  ft  toil  ii*  i n 1 1 %,  »»••  >»t  'k  ;».»f  r 


*<  4Nf 
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Taint*  19  Corrosion  Kales  and  'types  ot  Corrosion  ol  Copper  Alloys  (Bron/es) 


I 

A 


t 


1 

. . t CI>A 

Alloy  j 

, So. 

? 

Knviroiunent^ 

K*po\urc 

(d*v) 

Depth 

(fi> 

Corrosion 

Kale 

<mpy) 

1 ype  of 
Corrosion1 

Sou  re 

i;  llnnu/ 

W 

123 

5.040 

0 5 

u 

ISCO(J) 

C.  Hion/r 

S 

123 

5.040 

0.3 

u 

IN'CO  (3) 

(»  Bron/c 

w 

403 

6.7M1I 

0.7 

0 

INCO  <3> 

(*  Hidikc 

s 

403 

0.780 

0.1 

caisi. 

IN'CO  (3) 

(i  Bron/c 

w 

751 

5.040 

0 7 

V 

INCO  '31 

C.  Bron/e 

s 

751 

5.040 

0.3 

V 

1NCO  (3> 

(.  Bron/c 

w 

1 .004 

5.300 

0 3 

V 

IN’CO  (3) 

(.  Bron/c 

s 

1 .064 

5.338) 

0 4 

V 

INCO  (3) 

(■  liron/r 

vs 

197 

2.340 

0.2 

u 

IN’CO  (3) 

(..  liion/r 

s 

197 

2.340 

•■()  1 

m: 

INCO  (3) 

(.  Brotur 

w 

402 

2.370 

0 3 

it 

INCO  (3) 

(.  U'on/c 

s 

402 

2.370 

• 0 I 

1! 

INCO  (3) 

($  Bron/c 

W 

181 

5 

• 3 

<; 

INCO  (3) 

(i  Bron/e 

W 

3 Mt 

5 

1 2 

CK  (9) 

INCO  (3) 

Modified  (•  Bron/e* 

w 

123 

5.040 

0.5 

f 

INCO  (3)  | 

Modified  <•  Bron/e 

s 

123 

5.040 

0 3 

U 

INCO  (3) 

Modified  Bron/c 

403 

0.780 

0 4 

V 

INCO  (3) 

Modified  f»  Hroti/c 

S 

403 

0.780 

<0.1 

V 

INCO  (3) 

Modified  C Bron/e  » 

w 

751 

5.040 

0.7 

V 

INCO  (3) 

Modified  (•  Bron/c 

s 

751 

5.040 

0 4 

C (19) 

INCO  (3) 

Modified  C Bron/c 

vv 

1 .064 

5.300 

0 4 

C H8)  1’ 

INCO  (33 

Modified  (i  Bron/c 

s 

1 004 

5.3(8) 

0 5 

1' 

INCO  (3) 

Modified  Bron/e  \ 

vv 

197 

2.340 

0.3 

It 

INCO  (3) 

Mutliticil  C.  Hron/c  , 

s 

197 

2.340 

o 2 

NT  1 1 

INCO  (3) 

MoiifirJ  (.  Ilrun/r 

w 

402 

2.370 

o 3 

V 

INCO  (3> 

Moditicd  (*  Bron/e 

s 

402 

2.370 

• 0 1 

II 

INCO  (3) 

Modified  («  Br»»n/e 

w 

181 

5 

1 3 

<• 

INCO  (3) 

Modified  (»  Ilf »>0/r 

w 

3oo 

5 

!<) 

( l<  (7) 

INCO  (3) 

M lluin/r'’ 

\\ 

123 

5.040 

0 5 

l 

IN’CO  (3) 

M Bron/e 

S 

123 

5.040 

0 4 

l- 

INCO  (3)  • 

M Bron/e 

w 

40* 

0.780 

0 4 

1 

INCO  (31 

M Bron/e 

s 

403 

O 780 

• 0 1 

l’ 

INCO  (3)  j 

M Itror./r 

vv 

751 

5.040 

O 7 

l 

INI  0(3)  i 

M Bron/e 

s 

~5i 

5.040 

o * 

r 

INCO  (3) 

M Brttn/t 

vv 

1 ,(IM 

5.*!M> 

0 4 

c 

INCO  (3) 

M Brou#< 

s 

1 .llf*4 

5.3(8) 

O 4 

c 

INCO  (3! 

M Bron/e 

w 

I °7 

2.340 

0 4 

i 

INCO  (3) 

M Bron/r 

s 

197 

2.340 

O ! 

ii 

INCO  (3)  j 

M Bron/e 

vv 

402 

2 370 

o 3 

l' 

INCO  (3) 

M Bron/t 

s 

41  <2 

2 370  j 

- 0 I 

i i 

INCO  (3)  j 

M Bron/e 

w 

>81 

* 

1 1, 

(. 

INCO  (3)  f 

M Bron/c 

vv 

too 

*1 

; i 

( l<  (2) 

INCO  (3)  1 

1 ea«lrd  sn  Bron/*' 

* 

123 

5.0-»«>  j 

0 4 

c 

INCO  (3» 

1 eaded  Sn  Bom/c 

s 

12* 

5 MO 

0 2 

c 

INCO  (3) 

1 railed  Sn  Broo>«r 

* 

403 

ft  780  j 

0 s 

‘ 

INTO  (3) 

1 eaded  sn  Brim/* 

s 

403 

0 780  j 

0 1 

1 

INTO  (3) 

1 ruled  Sn  Brnn/< 

w 

751 

1.040 

o f» 

■ 

INCO  (3) 

1 fad'd  Sn  lirm./t  J 

751 

1 040 

3 2 

INTO  (3) 

1 eaded  Sn  Bron/c 
_ . . i 

W 1 UM 

5 3(8) 

O 4 

! 

i\<  n <*> 


( on  untied 
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'*to*.**Jt mi&iSi 


leaded  Sn  Bronze 
trailed  Sn  Hron/c 
I (.railed  Sn  Bron/c 
i (.railed  Sn  B.  on/c 
j (waited  Sn  Bron/c 
(.called  Sn  Bron/r 
(.railed  Sn  Bron/r 

: I*  Bron/r  A 
; I*  Bron/r  A 
j I*  Bron/r  A 
j I*  Bron/r  A 

> I*  Bron/c  A 
i I*  Bron/c  A 
; I*  Bron/r  A 
] (■  Bron/r  A 
( I’  Bron/r  A 
1 1’  Bron/r  A 

■ I’  Bron/c  A 
I (•  Bron/r  A 
| (■  Bron/r  A 
j (’  Bron/c  A 
1 1*  Bron/r  A 
j !•  Bron/r  A 
J I’  Mnm/r  A 

■ I'  Bron/r  A 
1 1*  Bron/c  A 

C Bron/r  A 
C Bron/r  A 
(•  Bron/r  A 
(‘  Bron/r  A 
I'  Bron/r  A 
I*  Hron/c  A 
I*  Bron/c  A 
1*  Bron/c  A 

' I*  Bron/r  I) 

• I*  Bron/r  I) 

I'  Bron/c  I) 

j f Bron/r  I) 

; I*  Bron/r  1) 

1 1*  Bron/r  I) 

1 1*  Bron/c  IJ 

• I'  Bron/c  I) 

> (’  Bron/r  I) 

I’  Bron/r  I) 

1 1’  Bron/r  I) 

: (•  Bron/r  I) 
j (•  Bron/r  IJ 

• I*  Bron/r  I) 

Al  Bron/c  5,v 
J Al  Bron/c  5N 


~1 

j CDA 
1 No.J 

i 

Environment^ 

i 

l 

s 

w 

i 

vt 

w 

< 

w 

510 

w 

510 

w 

1 510 

s 

510 

s 

510 

w 

SIO 

w 

510 

s 

510 

s 

510 

w 

510 

w 

510 

s 

1 510 

w 

1 510 

w 

“ 510 

s 

510 

w 

. 510 

w 

j 510 

s 

t 510 

s 

1 510 

w 

510 

w 

! 510 

s 

5H) 

s 

, 510 

w 

510 

w 

SIO 

w 

510 

w 

510 

V5 

324 

w 

524 

s 

524 

* 

524 

S 

524 

w 

524 

s 

524 

w 

S24 

s 

524 

* 

524 

s 

524 

w 

1 524 

vs 

1 5’4 

w 

524 

w 

t4H* 

w 

j MK» 

s 

Table  11.  Continued. 


Common 


I ype  of 
Corrosion1 


123  j 5.040  I 


It 

111 

V 

liWO 

IT 

l? 

I*  (4) 

CK  15) 

CM  (15).C  (3) 
CK  (15) 

r 

c 

ii 

»:i 

u 

NT’ 

u 

u 

L 

V 

NU 

CK  14) 

CR  (2) 

I K (7)  ( (5) 


INCO  (3) 
INCOI3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
I INCO  (3) 


[ CM.  (4) 

| INCO  (3) 
CM.  <4; 
INCO  (3) 
CM.  (41 
INCO  (3) 
CM.  (4) 
INCO  (3> 
CM.  (4) 
INCO  (3) 
INCO  13) 
CM.  (4) 
INCO  (3) 
INCO  (3) 
CM.  (4) 
INCO  (3) 
CM.  (4) 
INCO  (3) 
CM.  (4) 

: INCO  (31 
j CM.  (4) 
j INCO  (3) 
CM.  (4) 
INCO  (3) 
INCO  (3) 
CM.  (4) 
CM.  (4) 

CM.  (4) 
CM.  <4> 
j CM.  14) 

! CM.  (4) 

! CIT.  (4) 
CM.  (4) 
CM.  (4) 
CM.  (4) 
CM  (4) 
CM.  (4) 

! CM  (4) 
CM.  (4) 
Cl  I (4) 
Cl  I (4) 

INCO  (3) 
INCO  (3) 


Continued 


Table  1*>.  Continued. 


‘ ! 
Allot 

1 

<:i»a 

No  a 

environment*’ 

Exposure 

(day) 

Depth 

(ft) 

Common 

Kale 

(nipvl 

'1  ype  of 
Corrosion* 

Source1* 

— 
Al  Bron/c.  5A, 

no  o 

vs 

403 

6.780 

0.2 

SI. 'DA 

INCO  (3) 

Al  Bron/c.  5%  , 

606 

s 

403 

6.780 

<0  1 

V 

INCO  (3) 

Al  Bron/c.  5A, 

(Ato 

vv 

751 

5.640 

0.3 

SI.  DA 

INCO  ( 3 ) 

A!  Hron/c.  5% 

(AH, 

s 

751 

5.640 

0 2 

V-S1.'DA 

INCO  (31 

A!  Bio»/c.  5A, 

ooo 

vs 

1.064 

5.300 

0.2 

NU 

GUI.  (4) 

Al  Bron/c.  5a. 

f»Of> 

w 

1.064 

5.300 

0 2 

OK  (5) 

INCO  (3) 

1 Al  Bron/c.  5a, 

nOO 

s 

1.064 

5.3(81 

0.5 

G 

INCO  (3) 

Al  Bron/c.  5A. 

OOO 

w 

197 

2.340 

0.4 

i; 

INCO  (31 

Al  Hron/c.  5% 

Miff 

s 

197 

2.340 

02 

NU-KT 

INCO  (3) 

j Al  Hron/c.  5‘V. 

606 

w 

197 

2,340 

0.2 

U 

Boeing  (6) 

Al  Broii/c.  5% 

6 06 

w 

402 

2.370 

0.2 

V 

INCO  (3) 

■ Al  Bron/c.  5% 

(All, 

s 

402 

2.370 

0.1 

in 

INCO  (3) 

Al  Bron/c.  5% 

606 

w 

1H1 

5 

1.1 

G 

INCO  (3) 

Al  Hron/c.  5% 

606 

w 

366 

5 

0.7 

r; 

INCO  (3) 

Al  Bron/c.  7A. 

614 

123 

5.640 

0.5 

SODA 

CKI.  (4) 

' Al  Bron/c.  7% 

014 

w 

.23 

5.640 

0.6 

V 

INCO  (3) 

' Al  Bron/c.  7a, 

(.14 

S 

123 

5.640 

0.3 

V 

ci:i.  (4> 

. Al  Bron/c.  7a. 

614 

s 

.23 

5.640 

0.4 

V 

INCO  (3) 

| Al  Bron/c.  7a, 

614 

w 

403 

6.780 

0.7 

Sl.-DA.C  (12);  I*  (12) 

CKI.  (4> 

: Al  Bron/c.  7A, 

614 

« 

403 

6.780 

0.2 

U 

INCO  (3) 

; Al  Bron/c.  7 X 

614 

s 

403 

6.780 

0.7 

SI.DA. C (13).  1*  (16) 

Oil.  (4) 

! Al  Bron/c.  7A. 

614 

s 

403 

6.780 

-.0.1 

SI  l)A 

INCO  (3) 

| Al  Bron/c.  7 A, 

614 

w 

403 

6.780 

NO 

SC 

NADC  (7) 

j Al  Bron/c.  7A. 

614 

w 

751 

5.640 

0 5 

Ml)  DA.  C (7)  1*  (1  2) 

Oil.  (4) 

( Al  Bron/c.  7A. 

614 

w 

751 

5.640 

1 5 

G 

INCO  13) 

' Al  Bron/c.  7A. 

614 

s 

751 

5.640 

0.2 

VSI.DA 

INCO  <3) 

j Al  Bron/c  7A. 

6(4 

w 

1 .064 

5.300 

0.2 

CK  (7) 

INCO  (3) 

i Al  Hron/c.  7*v. 

cl  4 

s 

1.064 

5.300 

0.2 

MO  DA 

INCO  i3> 

Al  Bro.i/c.  7A, 

614 

w 

197 

2.340 

0.3 

v 

Oil.  (4) 

Al  Bron/c.  7a, 

614 

w 

197 

2.340 

0.3 

v 

INCO  (3) 

Al  Hron/c.  7% 

614 

s 

197 

2,340 

o : 

u 

OX  (4) 

Al  Hron/c.  7%. 

614 

s 

197 

2.340 

o 2 

in 

INCO  (3) 

Al  Hron/c  7’v 

614 

w 

402 

2.5  70 

0 2 

u 

Oil.  (4) 

Al  Br»n/c.  7‘y, 

614 

vv 

402 

2 370 

0 2 

in 

INCO  O) 

• Al  Bron/c.  7A. 

614 

s 

402 

2.370 

0.2 

INCO  (3) 

M Bron/c.  7A- 

614 

S 

402 

2.370 

0 1 

SI.DA 

INCO  (31 

| Ai  Brnn/c.  7% 

614 

w 

1 8 I 

5 

2 9 

NU-DA 

CKI.  (4) 

1 Al  Hron/c.  7‘V. 

614 

V. 

181 

5 

0.8 

G 

INCO  12  > 

Al  Bron/c.  7A, 

614 

W 

366 

5 

0 6 

<: 

INCO  (3) 

' Al  Bron/c.  7A» 

1 

(.14 

vv 

SHK 

5 

0 9 

SI.  DA.  OH  (44).  <:  (20) 

CKL  (4) 

1 Al  Hron/c.  loV 

vv 

123 

5.640 

0 7 

SI.DA 

INCO  (3) 

j Ai  Bron/c.  Ioa. 

s 

123 

5.640 

0 6 

SI.DA 

INCO  (3) 

’ Al  Hron/c.  10'S, 

w 

403 

6.780 

0 7 

MO-DA 

INCO  (3! 

Al  Hron/c.  1 

s 

■*03 

6.780 

< O 1 

SI  DA 

INCO  (3) 

* Al  Hron/c.  lo**. 

vv 

751 

5.640 

2 » 

• 1. 

INCO  (3) 

Al  Hron/c.  lO\ 

s 

751 

5.640 

0 9 

O.SI  DA 

INCO  (?) 

|AlHron/r  lOs 

w 

1.064 

5.300 

0 2 

r 

INCO  (3) 

Al  Hm»*i/c.  lov 

s 

1 .064 

5.3i8» 

0 4 

SI.DA 

INCO  (3) 

* Al  Bron/c.  1 ilv 

vv 

197 

2.340 

o 3 

MO  da 

INCO  (3) 

Al  Hron/c  Hl\ 

s 

197 

2.340 

0.2 

MO  DA 

INCO  (3) 

Continued 
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CDA  ..  /,  kxMHurr  l>cpth 

u hnvironmenr  /.  t ' . 

N or  (dav)  (ft) 


Corrosion 

Kale 

fmpy) 


Al  Bron/c.  ! 
Al  Bron/c.  I 
Al  Bron/c,  ] 
[Al  Bron/c.  ] 


Al  Bron/c,  1 3> 
Al  Bron/c.  J 3% 
Al  Bron/c.  1 
Al  Bron/c.  1 
•At  Bron/c  1 3%. 
Al  llron/c  1 3% 
Al  llron/c.  1 3% 
Al  Bron/c.  1 3% 

‘ Al  Bron/c.  1 3% 
{A!  Bron/c.  I S\ 
Al  Bron/c.  1 3v 
Al  Bron/c.  ] 

Al  llron/c.  ! 
j Al  Bnm/c.  I 3*v 

jNt-AI  Bron/c 
I NVAl  Bron/c 

In»-AI  Hron/c  N\> 
| N»  Al  Bron/c  No 
\ Ni-Al  Bron/c  No 
iNi  Al  Bron/c  No 
I NVAl  Bron/c  Nt* 
|Ni*Al  Bron/c  No 
|N>  ,M  Bron/c  No 
{ NVAl  Bron/c  No 
t Ni  Al  Bron/c  Vo 

I NVAl  Bron/c  No 
N|*AI  Bron/c  No 
! NVAl  Hron/r  No 


Type  of 
Cwrovion'' 

Source^ 

S-DA 

INCO  (3) 

MO-DA 

INCO  (3) 

MO-DA 

INCO  (3) 

MO-DA 

INCO  (3) 

U 

MEL  (5) 

V-SI.-DA 

INCO  (3) 

V-SI.-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

SI.-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

UP 

MEL  (5) 

V-SI.-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

MO-DA 

INCO  (3) 

SL-DA* 

INCO  (3) 

SL-DA" 

INCO  (3) 

MO-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

U 

INCO  (3) 

V-SL-DA 

INCO  (3) 

V SL-DA 

INCO  (,} 

S-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

S-DA 

INCO  (3) 

MO-DA 

INCO  (3) 

S-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

Mll-DA 

INCO  (3) 

SL-DA 

INCO  (3) 

MO-DA 

INCO  (3) 

SL-DA 

INCO.  3) 

S-DA 

INCO  (3) 

S-DA 

INCO  (3) 

P 

MIX  (5) 

P<21- 

Mill.  (5) 

U 

MEL  (5) 

IP 

INCO  (3) 

IP 

INCO  (3) 

IP 

INCO  (3) 

U 

INCO  (3) 

CUAI.P 

INCO  <3* 

i «* 

MIX  (5) 

P(I7> 

INCO  (3) 

POD 

INCO  (3) 

CK  (30) 

INCO  (3) 

V 

INCO  (3) 

u-r.r 

INCO  (3) 
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/ ? 


Allov 

■1 

t:t>A 

; no.j 

Hiivircnmcnt^ 

Kxposurc 

(day) 

Depth 

(ft) 

Corrotion 

Hite 

(mpy) 

1 ype  of 
Corrosion* 

Source*^ 

S'l-Al  Bronze  No  2 

i 

w 

123 

5.640 

0.5 

U 

INCO  (3) 

NVAl  Bron/r  No  2 

* 

S 

123 

5.640 

0.3 

U 

1NCO  (3) 

NVAl  Bronze  No  2 

w 

403 

6.780 

0.2 

H* 

INCO  (3) 

, NVAl  Bronze  No  2 

S 

403 

6.780 

0.1 

U 

INCO  (3) 

NVAl  Bion/c  No  2 

w 

751 

5.640 

0.5 

Sl.-DA 

INCO  (3) 

WAt  Bronze  Vo  2 

S 

751 

5.640 

0.2 

<*(13) 

INCO  (3) 

N»*Al  Bronze  So  2 

w 

1.064 

5 318) 

0.2 

C (5) 

INCO  (3) 

Ni-AI  Bron/c  No  2 

s 

1.064 

5.3181 

0.5 

CK  (21) 

INCO  (3) 

Ni-AI  Bron/c  No  2 

w 

IV7 

2.340 

0.3 

U 

INCO  (3) 

Ni-Al  Bronze  No  2 

s 

1V7 

2.340 

0.1 

U 

INCO  ( 3) 

Ni-Al  Bronze  No  2 

w 

402 

2.370 

0.2 

1 J 

INCO  (3) 

NVAl  Bron/c  No  2 

s 

402 

2.370 

<0.1 

nr 

INCO  (3) 

, Vi  Al  Bronze  No  2 

w 

18! 

5 

1.0 

c (8) 

INCO  (3) 

Vi-Al  Bron/c  No  2 

• 

w 

366 

5 

0.4 

u 

INCO  (3) 

Vt-Al  Bron/c  Vo  3 

w 

123 

5.640 

0.4 

u 

INCO  (3) 

Ni-AI  Bron/c  No.  3 

s 

123 

5.640 

0.3 

c 

INCO  (3) 

NVAl  Bronze  No.  3 

w 

403 

6.780 

0.2 

u 

INCO  (3) 

Ni*Al  Bron/c  No  3 

s 

403 

6.780 

<0.1 

NUI.I 

INCO  (3) 

NVAl  Bron/c  No  3 

i 

w 

751 

5.640 

0.2 

1 B 

INCO  (3) 

Ni-AI  Bron/c  No  3 

, 

s 

751 

5.640 

0.1 

V 

INCO  (3) 

VVAl  Hronze  No.  3 

w 

1 .064 

5.318) 

<0.1 

1*  <4) 

INCO  (3) 

' Ni  Ai  Bron/c  No  3 

s 

1 .064 

5.30O 

0.2 

CK  MO) 

INCO  (3) 

• Ni  Al  Bron/c  No  J 

s 

u 

1V7 

2.340 

0.3 

l» 

INCO  (3) 

, Ni  Al  Bron/c  No  3 

i 

s 

1V7 

2.340 

0.2 

U 

INCO  (3) 

' *> i Bron/c  3n> 

. r>53 

Vi 

123 

5.640 

1 3 

U 

INCO  (35 

J Si  Bron/c  3’V 

of  3 

s 

123 

5.640 

1 5 

U 

INCO  (3) 

Ni  Bron/c  3*v 

i oS3 

w 

403 

6.780 

1.2 

MO-CO 

INCO  (3) 

Si  Bron/c  3*V 

o5  3 

s 

403 

6.780 

0.4 

CBSt. 

INCO  (3) 

Si  Bron/c  3> 

of  3 

w 

751 

5.640 

1.0 

U 

INCO  (3) 

S:  Bron/c.  3‘V 

* 653 

s 

751 

5.640 

II  7 

If 

INCO  (3) 

Sj  Bronze,  3*\ 

053 

V. 

1 .064 

5.3(8) 

0.6 

MO-CO 

INCO  (3) 

Si  Bron/c  iA 

o5  3 

s 

1 .064 

5.3<8) 

O 4 

M.-CO 

INCO  (3) 

Si  Hronze  $w«. 

053 

Vi 

107 

2.340 

i.i 

L* 

INCO  (3) 

S;  Bron/i  3a 

o53 

177 

2.340 

0 1 

Nt’i:  i 

INCO  <3) 

Sj  Bronze  3*V 

653 

vv 

402 

2.370 

1 2 

(.* 

INCO  (3* 

Si  Bron/c  3~- 

653 

s 

402 

2.370 

0.2 

FT 

INCO  (3) 

Si  Bron/c  3*v 

of  s 

* 

1H1 

5 

1.7 

C 

INCO  (3) 

Si  Bronze.  $A 

05  3 

* 

366 

5 

I.I 

o 

INCO  (3) 

S:  Bron/c  A 

655 

w 

123 

5.640 

1 6 

t* 

C»X  (4) 

Si  Brort/t  A 

655 

M 

123 

5.640 

1 4 

t* 

INCO  (3) 

Si  Hron/r  A 

655 

s 

123 

5.640 

1 8 

V 

CKL  (4) 

St  Bronze  A 

655 

s 

123 

5.640 

1 5 

c 

INCO  (3) 

Si  Bron/c  A 

/.55 

u 

403 

6.780 

I 2 

< o 

OKI.  (4) 

Si  Kron/t  A 

655 

vv 

403 

6.780 

1 2 

If 

INCO  (3) 

v»  B'on/c  \ 

655 

s 

403 

6.780 

1 8 

i 

OKI.  (4) 

S|  Br«*n/r  \ 

. fc<5 

s 

403 

6.7HO 

O 2 

<»BM, 

INCO  (3) 

Si  Bronze  A 

655 

u 

751 

5.640 

O X 

SCO 

CM.  (4) 

Si  Hron/r  \ 

1 655 

» 

751 

5.640 

1 4 

l- 

INCO  (3) 

Si  Hron/c  A 

* 6S5 
l 

s 



L 

5.640 

O 9 

(. 

INCO  (3) 

_1 

-a 


<a 


-:a 


21 


i 


I 


n 


a 


vr.^-.  ,-.v^>?^^L 


dfl 


i *>minucd 


Tabic  19.  Continued. 


Alloy 

COA 

No.*1 

Environment*1 

Exposure 

(day) 

Denrh 

CO 

Corrosion 

Kate 

(mpy) 

Type  of 
Corrosionr 

Source1* 

Si  Bronze  A | 

655 

W 

1,064 

5.300 

0.6 

SI.CO 

INCO  (3) 

Si  Bronze  A 

655 

s 

1,064 

5,300 

0.4 

u 

INCO  (3) 

Si  Bronze  A ' 

655 

W 

197 

2,340 

0.8 

u 

Boeing  \(>) 

Si  Bronze  A 

655 

w 

197 

2,340 

0.9 

u 

CEL  (4) 

Si  Bronze  A 

655 

w 

197 

2.340 

1.1 

u 

INCO  (3) 

Si  Bronze  A 

655 

S 

197 

2,340 

0.6 

u 

CEL  (4) 

Si  Bronze  A 

655 

s 

197 

2,340 

0.2 

11 

INCO  (3) 

Si  Bronze  A 

655 

w 

402 

2,370 

1.0 

ET 

CEL  (4) 

Si  Bronze  A 

655 

w 

402 

2.370 

0.8 

U 

INCO  (3) 

Si  Bronze  A 

655 

s 

402 

2.370 

0.8 

ET 

CEL  (4) 

Si  Bronze  A 

655 

t, 

402 

2,370 

0.1 

ET 

INCO  (3) 

Si  Bronze  A 

655 

w 

181 

5 

1.8 

U 

CEL  (4) 

Si  Bronze  A 

655 

w 

181 

5 

1.6 

c. 

INCO  (3) 

Si  Bronze  A 

655 

w 

366 

5 

1.2 

G 

INCO  <3> 

" Bronze  A 

655 

w 

398 

5 

1.1 

C. 

CEL  (4) 

I Si  B:..rwe  A 

655 

w 

540 

5 

2.5 

CR  (30):  C ( 1 5) 

CEL  (4) 

'yPm.,.  \ 

655 

w 

588 

5 

0.9 

CK  (9) 

Ci.L  (4' 

i «t-Ve<-  Bronze 

w 

123 

5,640 

0.7 

U 

INCO  (3) 

Ni-Vec  Bronze  A 

- 

s 

123 

5.640 

0.5 

U 

INCO  (3) 

Ni  Vee  Brunze  A 

w 

403 

6,780 

0.6 

U 

INCO  (3) 

Ni-Vee  Bronze  A 

- 

c 

403 

6.780 

0.3 

U 

INCO  (3) 

Ni-Vee  Bronze  A 

w 

751 

5.640 

2.6 

S’ 

INCO  (3) 

Ni-Vcc  Bronze  A 

- 

s 

751 

a.640 

0.4 

U 

INCO  (3) 

Ni-Vee  Bronze  A 

w 

1.064 

5,300 

2.2 

CK  420) 

INCO  (3) 

Ni-Vee  Bronze  A 

s 

1 ,06-> 

5,300 

0.3 

U 

INCO  (3) 

Ni-Vee  Bronze  z\ 

- 

w 

197 

2,340 

0.6 

U 

INCO  (3) 

Ni-Vee  bronze  A 

s 

197 

2,340 

«)  1 

NU-ET 

INCO  (3) 

Ni-Vee  Bronze  A 

- 

w 

402 

2.7  70 

0.4 

U 

INCO  (3) 

Ni-Vee  Bronze  A 

- 

s 

402 

2.370 

<0.i 

ET 

INCO  (3) 

Ni-Vee  Bronze  A 

w 

181 

5 

2.0 

1*  (7) 

INCO  (3) 

Ni-Vee  Bronze  A 

- 

w 

366 

5 

1.5 

CR  (10) 

INCO  (3; 

Ni-Vee  Bronze  I!*" 

- 

w 

123 

5,640 

0.6 

U 

INCO  (3) 

Ni-Vee  Bronze  B 

- 

s 

123 

5,640 

0.4 

U 

INCO  (3) 

Ni-Vee  Bronze  H 

- 

w 

403 

6,780 

0.5 

U 

INCO  '.3) 

Ni-Vee  Bronze  B 

s 

403 

6,780 

0.1 

U 

INCO  (3) 

Ni-Vee  Bronze  B 

- 

w 

751 

5,640 

r.  5 

U 

INCO  (3) 

Ni-Vee  Bronze  B 

- 

s 

1 751 

5.640 

0.3 

U 

INCO  (3) 

Ni-Vee  Bronze  B 

“ 

w 

1 1.064 

5.300 

0.3 

u 

INCO  r3) 

Ni-Vee  Bronze  B 

s 

j 

5,31X1 

0.4 

11 

INCO  (3) 

Ni-Vee  Bronze  B 

- 

w 

V7 

2,340 

0.6 

u 

INCO  (3) 

Ni-Vee  Bronze  B 

- 

s 

197 

2.340 

<0.1 

NU-ET 

INCO  (3) 

Ni-Vee  Bronze  11 

- 

w 

402 

2,370 

1.2 

u 

INCO  (3) 

Ni-Vee  Bronze  B 

• 

s 

402 

*,370 

<0.1 

ET 

INCO  (3) 

Ni-Vee  Bronze  B 

- 

w 

181 

5 

1.8 

1’  (4) 

INCO  .”) 

Ni-Vee  Bronze  B 

w 

366 

5 

1.3 

CK  (6) 

INCO  (3) 

Ni-Vee  Bronze  (f 

- 

w 

123 

5,640 

0.8 

U 

INCO  (3) 

Ni-Vee  Bronze  C 

- 

s 

123 

5,640 

0.5 

u 

INCO  (3) 

Ni-Vee  Bronze  C 

- 

w 

403 

6,780 

0.8 

u 

INCO  (3) 

Ni-Vee  Bronze  C 

s 

403 

6,780 

(.  J 

u 

INCO  (3) 

N;-Vc(  Bronze' 

- 

w 

751 

5.640 

2.0 

c; 

INCO  (3) 

Continued 
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Exposure  Depth 
(dav)  (ft) 


Corrosion 

Kate 

(nipy) 


Type  of 
Corrosion' 

Source*^ 

U 

INCO(J) 

U 

INCO  (3) 

V 

INCH  <3 ) 

V 

INCO  {}) 

KT 

INCO  (3) 

U 

INCO  (3) 

KT 

INCO  (3) 

U 

INCO  (3) 

CR  (5) 

INCO  (3) 

‘ (.op pet  Development  Association  alloy  number 

*W  - totally  exposed  in  seawater  on  sides  of  structuie*  S - Ijeposed  in  base  of  structure  so  that  a 
poitum  of  each  specimen  sva*  exposed  m the  bottom  sedir  *nts 

L Symbols  lor  types  <>t  corrosion 


- Crevice 

1 

* Incipient 

U) 

- Coppering.  a selective  attack  where  copper 

Ml* 

B Medium 

appears  on  siiri.Hr  similar  to  ilr/tncification 

MO 

- Moderate 

CR 

* Cratermt: 

NU 

- Nonuniform 

DA 

® Dejliunimfu  jcioii 

1* 

- Pitting 

IT 

- I.tchiny 

s 

- Severe 

KVVO 

« Kuliet)  only  isi  the  water 

SI 

* Slight 

(, 

- Ceneral 

l' 

- Uniform 

c;iisi. 

* C.eneral  below  seihmcnt  line 

V 

- Verv 

Numbers  indicate  maximum  depth  m mils. 
‘^Numbers  refer  to  references  at  end  of  report 
* C.ast  allov 

I’itting  >n  bottom  sediment.  1 2 u .Is  maximum 


At  device 

Severe  corrosion  in  snuli  area. 


! Phosphor  hron/c  A 

5 10 

12  0 

j Phosphor  hron/c  A 

510 

|‘»  0 

! Phosphor  hron/c  A 

5 Hi 

12  5 

J Phosphor  hron/c  A 

5 in 

IK. 7 

. Phosphor  hron/c 

5ln 

12.6 

Phosphor  hron/c  \ 

5 in 

1 9.0 

Phosphor  hron/c  1) 

5 24 

10.0 

Phosphor  hron/c  1 ) 

524 

14  0 

Phosphor  hron/c  1) 

524 

2l.o 

Phosphor  hron/c  1) 

524 

<I.K 

Phosphor  hr>>n/c  1) 

524 

1 3.9 

Phosphor  hron/c  1) 

524 

20  <> 

Phosphor  hion/c  1) 

5 24 

16.4 

Phosphor  hron/c  I) 

524 

24.5 

Al  hron/c.  5 ’ ■ 

UiU% 

1K.0 

Al  hron/c.  j".. 

000 

26.(1 

Al  hron/c.  5‘" 

000 

38.0 

Al  hron/c.  5‘‘" 

000 

1 7.v 

Al  hron/c.  5"" 

000 

25  6 

Al  hron/c,  5"’ 

600 

58.4 

Al  hron/c.  5".. 

600 

28.5 

| Al  h'on/c.  5".. 

000 

42.5 

Si  Inor  • \ 

055 

10.0 

Si  hron.  c A 

o55 

14.0 

Si  hroi./c  A 

655 

21.0 

Si  hron/c  A 

055 

9.6 

Si  hron/c  A 

<555 

13.8 

Si  hron/c  A 

655 

20.6 

Si  hron/c  \ 

655 

10.8 

1 Si  hron/c  A 

655 

16.2 

'I  Cllsl'c 
Strength 
(".>) 


I-  \posurc 
u!a\ ) 


1 

■5 

i 

i 
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I'jiilc  24.  Stress  Corrosion  ot  < *>pper-Ntckel  Alio  vs 


f. 

Sf 

V 

¥ 

!?: 

£ 

I 

l 

% 


Ailov 

! 

<:i).\ 
No  J 

Stress 
(ksi)  i 

1 ensile 
Slrensoh 
C») 

Kvposurc 

Depth 

Specimens  j 

Source*’ 

u!a>  > 

(it) 

Itxposcil 

Killed 

1 Cu-Ni.  95-5 

704 

10.0  : 

50 

403 

6.780 

0 

CM.  14) 

C'u-Ni.  95-5 

T04 

24.0  , 

75 

40J 

0.780 

2 

1) 

CHI-  (4) 

j C'u-\t.  95-5 

704 

1 0.0  . 

50 

197 

2.J40 

5 

0 

CM.  (4) 

! Cti-Ni,  95-5 

T04 

24.0  . 

75 

197 

2.  .140 

5 

0 

CM.  (4) 

. Cu*Nt.  95-5 

704 

12.9 

50 

402 

2. 370 

3 

0 

CKI.  (4) 

Cu-\i.  95-5 

704 

19  J 

/ ; 

402 

2.370 

3 

0 

CM.  (4) 

C.li-Nl.  90-10 

700 

J4.4 

50 

402 

2.370 

5 

0 

CM.  (4) 

( u-\t.  90-10 

700 

52.0 

75 
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T.ililc  25.  Changes  in  Mi-ciinnic.il  Properties  of  Copper-N'ickel  Alloys  Due  to  Corrosion 


SECTION  4 


NICKEL 

Nickel  and  it*  alloys  .ire  passive  ill  moving  sea- 
water. but  are  subject  to  pitting  ami  conccntrai.on 
cell  (crevice)  corrosion  in  stagnant  seawater.  Their 
passivity  is  due  to  the  presence  ot  an  impervious 
oxide  laser  on  their  surfaces  which  breaks  down 
under  certain  conditions.  I ending  organisms,  deposits, 
and  crevices  which  restrict  the  a.atlabilitv  of  o.\\ gen 
to  localised  areas  cause  such  breakdowns.  Where 
sufficient  oxygen  is  not  available  to  renatr  the  breaks 
in  the  protective  trim,  pitting  and  crevice  (concentra 
tion  cell!  corrosion  occur.  I hus.  in  seawater,  pitting 
and  ervvici  cotrosion  are  the  most  prevalent  modes  of 
attack. 

t.orrosion  rates  calculated  from  weight  losses  due 
to  localized  corrosion  are  meaningless  because  they 
present  an  untrue  picture  ot  the  corrosion  liehavior  of 
the  alloy.  ( orrosion  rates  such  as  nnls-pcr-y ear 
connote  a uniform  thickness  of  metal  lost  over  a 
period  ot  oitie.  assuming  uniform  corrosion.  Hence,  a 
very  low  corrosion  rate  resulting  from  a few  deep  pits 
or  crevice  corrosion  in  otic  area  will  present  a very 
misleading  picture  ot  the  corrosion  behavior  of  an 
alloy  m that  particular  environment. 

1 he  data  on  the  nickel  alloys  were  obtained  from 
the  reports  given  in  References  3 through  IV  and  23. 

I hey  are  separated  into  different  groups  (nickels, 
nickel  copper-alloy  s.  and  nickel  alloys)  for 
comparison  anti  discussion  purposes. 

I he  chemical  compositions,  corrosion  rates  and 
types  ot  corrosion,  and  changes  in  mechanical  pro- 
perties due  to  corrosion  of  the  nickels  are  given  in 
I aides  >6  to  28;  those  of  the  nickel-copper  alloys  in 
I aides  29  to  31.  those  of  the  '".eke!  alloys  r Tables 
32  to  34;  ami  the  resistance  to  stress  corrosion  in 
table  35. 

'I he  effects  of  depth  ami  the  effect  ot  the  concen- 
tration ot  o.xvgcn  :n  seawater  on  the  corrosion  of  the 
nickels,  the  nickel  copper  alloys,  ami  the  niskel  alloys 
arc  shown  in  1-igures  15  ami  16. 

4.1.  NICKELS 

Die  chemical  compositions  of  the  nickels  are 
alien  m I iblc  2 A their  corrosion  rates  and  t*  pcs  ol 


ALLOYS 

corrosion  m 'Table  27.  and  the  changes  in  their 
mechanical  properties  due  to  corrosion  in  'Table  28. 

4.1.1.  Duration  of  Exposure 

Tnt  corrosion  rates  and  types  of  corrosion  of  the 
seven  nickels  (94"..  minimum  nickel}  arc  given  in 
Table  27  1‘itting,  crevice,  and  ectgc  (on  the  sheared 
ends)  localized  t . pe.s  of  corrosion  were  responsible 
for  practically  all  the  corrosion.  The  edge  corrosion 
was  caused  by  microcracks  and  micros rcvices  that 
formed  during  ti.c  shearing  operation,  this  illustrates 
dramatically  the  corrosion  damage  that  can  be  caused 
by  this  fabricating  procedure.  Lateral  penetration, 
mutated  at  a sheared  edge,  of  as  much  as  an  inch 
during  6 months  of  exposure  was  found,  lo  prevent 
this  type  of  corrosion,  all  deformed  metal  created 
during  shearing  or  punching  operations  must  be 
removed  by  machining,  grinding,  or  reaming. 

because  the  corrosion  of  the  nickels  vs  as  local- 
ized. no  definite  correlation  with  duration  of  expo- 
sure was  possible.  However,  the  severity  of  pitting 
and  crevice  corrosion  increased  with  increasing  time 
ol  exposure  at  depth  as  well  as  at  the  surface.  Cor- 
rosion rates  increased  with  duration  of  exposure  at 
the  6.00O-foot  depth,  although  they  were  neither 
progressive  nor  constant.  In  some  cases  corrosion 
rates  were  considerably  higher  during  shorter  titties  of 
exposure  than  after  longer  times  of  exposure.  Cor- 
rosion rates  at  the  2. 500-foot  depth  were  .onstjnt 
with  increasing  time  of  exposure. 

4. 1 .2.  Effect  of  Depth 

I he  severity  and  frequency  of  pitting  and  crevice 
corrosion  were  much  greater  at  the  surface  than  at 
depth.  Also,  the  average  corrosion  rates  were  greater 
a:  the  surface  than  at  depth,  although  they  did  not 
decrease  progressively  with  increasing  depth  as  shown 
in  l-igurc  16.  I he  curves  m l-igurc  16  arc  based  on 
average  values  lor  each  group  of  alloys. 
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4.1.3.  Effect  of  Concentration  of  Oxygen 

The  severity  and  frequency  of  pitting  and  crevice 
corrosion,  in  general,  increased  with  increasing  con- 
centration of  oxygen  in  seawater.  The  average  cor- 
rosion rates  increased  progressively,  but  not 
constantly,  with  increasing  concentration  of  oxygen 
in  seawater  as  shown  in  Figure  17. 


this  tendency  was  neither  progressive  nor  constant. 
Because  the  corrosion  of  the  other  nickel-copper 
alloys  was  localized  (pitting  and  crevice  corrosion), 
no  definite  correlation  with  duration  of  exposure  was 
possible  either  at  depth  or  at  the  surface.  However, 
the  intensity  of  pitting  and  crevice  corrosion,  in 
general,  increased  with  increasing  duration  of 
exposure  both  at  depth  and  at  the  surface. 


4.1.4.  Effect  of  Welding 


4.2.2.  Effect  of  Depth 


The  weld  beads  were  preferentially  corroded 
when  nickel  Ni-200  was  welded  by  manual  shielded 
metal-arc  welding  using  welding  electrode  141,  and 
by  TIG  welding  using  filler  metal  61.  The  weld  beads 
were  severely  pitted  when  welded  with  electrode  141. 
The  weld  beads  and  heat-affeeted  zones  were  per- 
forated when  welded  with  filler  metal  61.  This 
preferential  attack  of  the  weld  bead  materials 
indicates  that  they  were  anodic  to  the  parent  sheet 
metal. 

4.1.5.  Mechanical  Properties 

The  effect  of  exposure  on  the  mechanical  pro- 
perties of  nickel  Ni-200  is  shown  in  Table  28.  The 
mechanical  properties  were  not  affected  by  exposure 
at  depth  for  1,064  days  or  for  181  days  at  the  sur- 
face. 


4.2.  NICKEL-COPPER  ALLOYS 

The  chemical  compositions  of  the  nickel-copper 
alloys  are  given  in  Table  29,  their  corrosion  rates  and 
types  of  corrosion  in  Table  30,  and  the  changes  in 
their  mechanical  properties  due  to  corrosion  in  Table 
31. 

4.2.1.  Duration  of  Exposure 

The  corrosion  rates  and  types  of  corrosion  of 
seven  nickel-copper  alloys  are  given  in  Table  30. 
Except  for  the  cast  alloys  410  and  505,  the  pre- 
dominant types  of  corrosion  were  pitting  and  crevice. 
At  the  6,000-foot  depth  there  was  an  overall 
tendency  for  the  corrosion  rates  of  the  cast  alloys  to 
decrease  with  increasing  duration  of  exposure,  but 


The  severity  and  frequency  of  pitting  and  crevice 
corrosion  were  much  greater  at  the  surface  than  at 
depth.  Also,  the  average  corrosion  rates  were  greater 
at  the  surface  than  at  depth,  although  they  did  not 
decrease  progressively  or  constantly  with  increasing 
depth,  as  shown  in  Figure  16.  Although  these 
corrosion  rates  are  unreliable  because  they  are  based 
upon  localized  corrosion  weight  losses,  they  do  sub- 
stantiate. the  conclusion  based  upon  the  frequency 
and  severity  of  pitting  and  crevice  corrosion. 

* 

4.2.3.  Effect  of  Concentration  of  Oxygen 

The  severity  and  frequency  of  pitting  and  crevice 
corrosion,  in  general,  increased  with  increasing  con- 
centration of  oxygen  in  seawater.  Even  though  pitting 
and  crevice  corrosion  were  the  predominant  types  for 
these  alloys  in  seawater,  their  average  corrosion  rates 
calculated  from  weight  losses  increased  linearly  with 
increasing  concentration  of  oxygen,  as  shown  in 
Figure  17. 

4.2.4.  Effect  of  Welding 

When  Ni-Cu  400  alloy  was  welded  with  filler 
metal  60  by  the  TIG  welding  process,  the  weld  beads 
were  severely  pitted  both  in  the  seawater  and  in  the 
bottom  sediment  aftei  exposure  for  402  days  at  a 
depth  of  2,500  feet,  but  they  were  corroded  uni- 
formly after  181  days  of  exposure  at  the  surface. 
Butt  welds  in  Ni-Cu  400  alloy  made  by  the  manual 
shielded  metal-arc  process  with  electrode  190  were 
attacked  by  incipient  pitting  corrosion  both  in  the 
seawater  and  in  the  bottom  sediment  after  189  days 
of  exposure  at  a depth  of  5,900  feet  and  by  crater 
corrosion  of  the  weld  bead  after  540  days  of  expo- 
sure at  the  surface.  Thrce-inch-diamcter,  unrelieved, 
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circular  welds  in  Ni-Cu  400  alloy  by  the  manual 
shielded  metal-arc  process  with  electrode  190  cor- 
roded uniformly  both  in  the  seawater  and  in  the 
bottom  sediment  after  189  days  of  exposure  at  a 
depth  of  5,900  feet.  The  unrelieved  circular  welds 
were  tested  to  determine  whether  welding  stresses 
would  cause  any  corrosion-induced  cracking.  When 
Ni-Cu  400  alloy  was  welded  by  the  manual  shielded 
metal-arc  process  with  electrodes  130  and  180,  the 
weld  beads  were  corroded  uniformly  after  181  days 
of  exposure  at  the  surface  and  after  402  days  of 
exposure  at  the  2,500-foot  depth.  There  was  no 
preferential  corrosion  when  Ni-Cu  400  was  TIG 
welded  with  electrode  167  after  402  days  of  exposure 
at  the  2,500-foot  depth,  but  the  weld  bead  was 
selectively  attacked  and  was  covered  with  a deposit  of 
copper  after  403  days  of  exposure  at  the  6,000-foot 
depth  |7|. 

The  weld  beads  in  Ni-Cu  K-500  alloy  made  by  the 
manual  shielded  metal-arc  process  with  electrode  1 34 
were  attacked  by  pitting  corrosion  of  the  weld  bead 
and  the  heat-affected  zone  after  181  days  of  exposure 
at  the  surface,  by  crater  corrosion  of  the  weld  bead 
after  540  days  of  exposure  at  the  surface,  and  by  line 
corrosion  at  the  edge  of  the  weld  bead  after  402  days 
of  exposure  at  the  2,500-foot  depth.  When  Ni-Cu 
K-500  alloy  was  TIG  welded  with  filler  metal  64,  the 
weld  beads  were  uniforml)  corroded  after  181  days 
of  exposure  at  the  surface  and  402  days  of  exposure 
at  the  2,500-foot  depth,  and  the  weld  beads  and  the 
heat-affected  zones  were  attacked  by  pitting  cor- 
rosion after  540  days  of  exposure  at  the  surface. 


4.2.7.  Corrosion  Products 


X-ray  diffraction,  spectrochcmical,  and  chemical 
analyses  of  corrosion  products  removed  from  nickel- 
copper  alloys  400  and  K-500  showed  that  they  were 
composed  of  cupric  oxide  (CuO),  nickel  oxide  (NiO), 
nickel  hydroxide  (Ni(OM)2),  cupric  chloride  (CuCl2), 
copper-  oxy -chloride  (CuCl2;3Cu();4H20),  a trace  of 
nickel  sulfide  (NiS),  and  phosphate,  chloride,  and 
sulfate  ions. 


4.2.8.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties of  Ni-Cu  400  and  K-500  alloys  are  shown  in 
fable  31.  'I  here  were  no  significant  changes  due  to 
corrosion  of  either  unwelded  or  welded  alloys. 


4.3.  NICKF.L  ALLOYS 

The  chemical  compositions  of  the  nickel  alloys 
are  given  in  Table  32,  their  corrosion  rates  and  types 
of  corrosion  in  Table  33,  and  the  changes  in  their 
mechanical  properties  due  to  corrosion  in  Table  34. 

There  were  no  significant  weight  losses  (none 
greater  than  0.1  mpy)  or  any  visible  corrosion  on  any 
of  the  following  alloys: 

Ni-Cr-Fc  718,  unwelded  and  welded  < 

Ni-Cr-Mo  625,  unwelded  and  .velded 

Ni-Mo-Cr  C and  3 


4.2.5.  Galvanic  Corrosion 

When  AISI  4130  steel  was  fastened  to  Ni-Cu  400 
alloy  in  a surface  area  ratio  of  1 :2,  the  AISI  4130  wjs 
severely  corroded  and  the  Ni-Cu  400  was  uncorrodcd 
after  403  days  of  exposure  at  the  6,000-fool  depth 
17].  This  shows  that  the  steel  was  being  sacrificed  to 
protect  the  nickel-  copper  alloy. 

4.2.6.  Crevice  Corrosion 


Ni-Cr-Fe-Mo  l;  and  G 
Ni-Cr-Co  41 

There  were  no  significant  weight  losses  (none 
greater  than  0.1  mpy)  and  only  some  cases  of 
incipient  crcvicc  corrosion  on  the  following  alloys: 

Ni-Fe-Cr  804,  825Cb,  and  901 

Ni-Co-Cr  700 

Ni-Cr-Fc-.Mo  X 


Ni-Cu  400  alloy  hardware  was  attacked  by  crevice 
corrosion  after  751  days  of  exposure  at  the 
6,000-foot  depth  when  in  contact  with  fiberglass 
I13|. 


The  corrosion  resistance  of  Ni-l-'c-Cr  825Cb  was 
better  than  that  of  its  counterparts  825  and  825S 
(sensitized).  Alloy  825  was  attacked  by  both  pitting 
and  crevice  corrosion,  and  825S  had  only  one  case  of 
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crevice  corrosion.  Thus,  the  addition  of  small 
amounts  of  columbium  to  alloy  825  improves  its 
corrosion  resistance,  at  least  in  seawater. 

All  the  nickel  alloys  corroded  essentially  the  same 
in  the  bottom  sediments  as  in  the  seawater  above 
them. 

4.3.1.  Duration  of  Exposure 

The  corrosion  rates  and  types  of  corrosion  of  the 
nickel  alloys  are  given  in  Table  33.  Kxcept  for  the  12 
alloys  above,  13  of  the  remaining  16  alloys  were 
attacked  by  crevice  and  pitting  corrosion  with  crevice 
corrosion  being  considerably  more  predominant. 
Ni-lle  alloy  was  a'tacked  by  pitting  corrosion  on  the 
ends  of  the  bars.  Ni-Mo-Fe  alloys  II  and  2 were 
attacked  by  general  corrosion.  Because  of  the  crevice 
and  pitting  types  of  corrosion,  corrosion  rates  were 
meaningless  for  determining  effects  of  duration  of 
exposure  on  the  corrosion  behavior  of  these  alloys. 
These  14  alloys  were:  Ni-Cr-Fe  alloys  600,  610, 
X-750,  and  88.  Ni-Fe-Cr  alloys  800,  825,  825S.  and 
902,  Ni-Sn-Zn  23,  Ni-Cr  alloys  65-35,  75,  and  80-20, 
Ni-Si  alloy  I),  and  Ni-Be. 

4.3.2.  Effect  of  Depth 

The  severity  and  frequency  of  crevice  and  pitting 
corrosion,  in  general,  of  the  16  alloys  given  in  the 
previous  paragraph  were  much  greater  at  the  surface 
than  at  depth.  Also,  the  average  corrosion  rates  were 
greater  at  the  surface  than  at  depth,  although  they 
did  not  decrease  progressively  or  constantly  with 
increasing  depth,  as  shown  in  Figure  16.  Although 
these  corrosion  rates  are  unreliable  because  they  arc 
based  upon  localized  corrosion  weight  losses,  they  do 
substantiate  the  conclusion  based  upon  the  frequency 
and  severity  of  pitting  and  crevice  corrosion 

4.3.3.  Effect  of  Concentration  of  Oxygen 

The  severity  and  frequency  of  crevice  ami  pitting 
corrosion  of  the  nickel  alloys  which  corroded  signifi- 
cantly, in  general,  increased  with  increasing  concen- 
tration of  oxygen  in  seawater.  Their  average  corrosion 
rates  calculated  from  weight  losses  increased 
asymptotically  with  increasing  concentration  of 
oxygen,  as  shown  in  Figure  1 7. 


4.3.4.  Effect  of  Welding 

The  weld  beads  in  Ni-Cr-Fe  600  alloy,  made  by 
the  TIG  welding  process  using  filler  metal  62,  were 
perforated  by  line  corrosion  along  their  edges  after 
402  days  of  exposure  at  the  2,500-foot  depth,  and 
540  days  of  exposure  at  the  surface-,  the  weld  bead 
was  attacked  by  incipient  pitting  corrosion  after  181 
days  of  exposure  at  the  surface. 

When  Ni-Cr-Fe  600  alloy  was  TIG  welded  with 
filler  metal  82,  the  weld  beads  and  heat-affected 
zones  were  perforated  after  402  days  of  exposure  at 
the  2,500-foot  depth-,  the  weld  bead  was  pitted  after 
540  days  of  exposure  at  the  surface;  and  the  weld 
tiead  was  slightly  etched  after  181  days  of  exposure 
at  the  surface. 

The  weld  beads  in  Ni-Cr-Fe  600  alloy,  made  by 
the  manual  shielded  metal-arc  process  using  electrode 
132,  were  perforated  after  402  days  of  exposure  at 
the  2,500-foot  depth  and  after  540  days  of  exposure 
at  the  surface.  The  weld  beads  were  also  attacked  by 
tunnel  corrosion  after  540  days  of  exposure  at  the 
surface. 

Weld  beads  in  Ni-Cr-Fe  600  alloy,  made  by  the 
manual  shielded  metal-arc  process  using  electrode 
182,  were  perforated  after  181  days  of  exposure  at 
the  surface,  but  were  only  etched  after  402  days  or 
exposure  at  the  2, 500-foot  depth. 

Butt  welds  in  Ni-Cr-Fe  718  alloy,  made  by  the 
I IG  process  using  filler  metal  718,  were  uncorroded 
after  189  days  of  exposure  in  both  seawater  and 
bottom  sediment  at  the  6, 000-foot  depth,  in  seawater 
after  402  days  of  r.xposuic  at  the  2,500-foot  depth, 
and  after  540  days  of  exposure  at  the  surface.  Also, 
3-:nch-diamcter,  unrelieved,  circular  weld  beads  made 
by  the  same  process  were  etched  after  189  days  of 
exposure  in  seawater  and  in  the  bottom  sediment  at 
the  6,000-foot  depth. 

The  weld  beads  in  Ni-Cr-Fe  X-750  alloy,  made  by 
the  TIG  process  using  filler  metal  69,  were  etched 
after  402  days  of  exposure  at  the  2,500-foot  depth, 
but  both  rh o v.-cld  Leads  and  hcat-attccted  zones  were 
attacked  by  crater  corrosion  after  540  days  of 
exposure  at  the  surface.  Weld  beads  in  Ni-Cr-Fe 
X-750  alloy,  made  by  the  manual  shielded  metal-arc 
process,  were  perforated  and  the  heat-affected  zone 
was  attacked  by  tunnel  corrosion  after  402  days  of 
exposure  at  the  2,500-foot  depth;  the  heat-affected 
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zone  was  perforated  by  crater  corrosion  after  540 
days  of  exposure  at  the  surface. 

Weld  beads  in  Ni-Fe-Cr  800  alloy,  made  by  the 
TIC  process  with  filler  metal  82,  were  perforated  by 
line  corrosion  along  their  edges  after  402  days  of 
exposure  at  the  2,500-foot  depth,  and  both  the  weld 
beads  and  heat-affected  zones  were  attacked  by 
tunnel  corrosion  after  540  days  of  exposure  at  the 
surface.  There  was  line  corrosion  along  the  edge  of 
the  weld  lieads  when  Ni-Fe-Cr  8(H)  alloy  was  welded 
by  the  manual  shielded  metal-arc  process  using 
electrode  138  after  402  days  of  exposure  at  the 

2,500-foot  depth.  Both  the  weld  beads  and  heat- 
affected  zones  were  perforated  by  corrosion  after  540 
days  of  exposure  at  the  surface  when  Ni-Fe-Cr  800 
alloy  was  welded  by  the  manual  shielded  metal-arc 
process  using  electrode  182. 

Weld  beads  in  Ni-Fe-Cr  825  alloy,  made  by  the 
TIG  welding  process  with  filler  metal  65,  were 
uncorrodcd  after  402  days  of  exposure  at  the 

2,500-foot  depth  and  after  181  days  of  exposure  at 
the  surface;  the  weld  beads  and  heat-affected  zones 
were  attacked  by  incipient  pitting  corrosion  afte-  540 
days  of  exposure  at  the  surface.  When  butt  welds 
were  made  by  the  manual  shielded  metal-arc  process 
usin,;  electrode  135,  the  weld  beads  were  uncorroded 
aftei  181  days  of  exposure  at  the  surface  and  189 
days  of  exposure  in  the  bottom  sediment  at  the 

6.000- foot  depth;  there  was  incipient  pitting  of  the 
weld  bead  after  189  days  of  exposure  in  the  seawater 
at  the  6,000-foot  depth;  one  end  of  the  weld  bead 
was  corroded  after  402  days  of  exposure  at  the 

2,500-foot  depth;  and  there  was  crater  corrosion  of 
the  heat-affected  zone  after  540  days  of  exposure  at 
the  surface.  When  the  weld  beads  were  3-inch- 
diameter  unrelieved  circles  made  by  the  manual 
shielded  metal-arc  process,  they  were  uncorrodcd 
aft-r  189  days  of  exposure  in  seawater  and  in  the 
bottom  sediment  at  the  6,000-fool  depth. 

Butt  welds  and  3-inch-diameter,  unrelieved  circu- 
lar welds  in  Ni-Cr-Mo  625  alloy,  made  by  the  TIG 
welding  process  using  filler  metal  625,  were 
uncorrodcd  after  189  days  of  exposure  at  the 

6.000- foot  depth  and  after  588  days  of  exposure  at 
the  surface. 


4.3.5.  Galvanic  Corrosion 

When  A1SI  4130  steel  was  fastened  to  Ni-Cr-Fe 
600  alloy  in  a surface  area  ratio  of  1:2,  the  4130  was 
severely  corroded  and  the  Ni-Cr-Fc  600  alloy  was 
uncorroded  after  403  days  of  exposure  at  the 

6,000-foot  depth  |7|.  This  shows  that  the  4130  steel 
was  the  anodic  member  of  the  couple  and  was  being 
sacrificed  to  protect  the  cathodic  nickel  alloy.  When 
Ni-Be  alloy  was  fastened  to  Ni-Cr-Fe  600  alloy  in  a 
surface  area  ratio  of  1:2,  the  Ni-Be  was  severely 
attacked  with  there  being  a much  lesser  amount  of 
corrosion  on  the  Ni-Cr-Fe  600  alloy. 

4.3.6.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties of  five  of  the  nickel  alloys  are  given  in  Table 
34.  The  mechanical  properties  of  Ni-Fe-Cr  825  and 
Ni-Mo-Cr  C alloys  were  not  affected.  However,  there 
were  significant  decreases  in  the  elongations  of  alloys 
Ni-Cr-Fc  600,  Ni-Fe-Cr  902,  and  Ni-Be,  1/21  IT. 


4.4.  STRESS  CORROSION 

The  susceptibility  of  some  of  the  nickel  alloys  to 
stress  corrosion  is  given  in  Table  35.  None  of  the 
alloys  tested  were  susceptible  to  stress  corrosion 
cracking  at  both  the  2,500-foot  and  6,000-foot 
depths  for  exposures  of  at  least  400  days  duration. 
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0 Nickels;  electrolytic.  200.  201. 210.  21 1.  270,  301 
& Nickel-copper  alloys;  400.  402,  406,  410.  500.  505,  45-55 
□ Nickel  alloys:  Ni-Cr-Fe  600.  610.  X-750  & 88.  Ni-Fc-Cr  800,  825,  825S  & 902. 
Ni-Mo-Fe  B & 2.  Ni-Sn-Zn  23.  Ni-Bc.  Ni-Cr  65-35,  75  & 80-20,  Ni-Si  D 


Ox v yen  (ml/1) 

Figure  17.  I- fleet  of  concentration  of  oxygen  in  seawater  on  the  cop’ost  >n  of  nickel  alloys 
after  1 year  of  exposure. 
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Cable  26.  Chemical  Composition  of  Nickels.  Percent  l»v  Weiulit 


Alloy 

Ni 

Electrolytic  Ni 

99.97  + Co 

Ni-200 

99.5 

Ni-200 

99.5 

Ni-200 

99.5 

Ni-201 

99.5 

Ni-21 1 

95.0 

Ni-270 

99.97 

Ni-210,  cast 

95.6 

Ni-301 

94.0 

Filler  metal  61 

96.0 

Electrode  141 

96.0 

0.06  0.30  0.10  0.005  0.40  0.02  3.0 


Source1' 


INCO  (3) 

CKI.  (4) 
CGI.  (4) 
INCO  (3) 

INCO  (3) 

INCO  (3) 

INCO  (3) 

INCO  (3) 

INCO  (3) 

CEL  (4) 


0.05  0.25  0.30  0.005  0.60  0.05  2.2  0.25  Al  CEL  (4) 


Numbers  refer  to  references  at  end  of  report. 
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Tabic  27.  Continued. 
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Table  30.  Continued. 


Numbers  refer  to  references  at  end  of  report. 
Broke  in  weld. 

Partially  embedded  in  bottom  sediment. 


32.0  - 1.0 

32.0  0.04  I 0.75 

43.0 


41.12  0.05  0.82 

41.8  0.03  0.65 


42.0 

42.0 

43.0 

42.0  0.02  0.40 


67.0  0.02 

61.0  0.05  0.15 

63.0 


46.0 

46.0  0.007  0.35 

25.0 

30.86  0.01  0.31 

30.0  0.1X17  0.35 

30.0 

30.0 

34.0 

48.5  0.008  0.50 

3.(8)  0.1X17  0.30 


20.0 

0.50  20.5 

29.0 

1.61  21.12  1.1M) 

1.80  21.5  0.90 

2.0  22.0  - 

2.0  22.0 

14.0 

0.05  5.4  2.40 

18.0 

0.11)  22.0 

22.0 


2.94  - 0.14  Al 

3.0  - 0.15  Al 

3.0 

3.0 


0.65  Al 

14.0  0.5 

9.0  4.0 

9.0 


55.68  0.05  0.52  6.32  o.<x>9  0.62  - 15.33 


60.0  5.0  . 15.0 

58.0  - 3.1X)  - 19.0 

46.0  1.0  - 15.0 


16.71  - 3.53  W 

0.96  Co 
0.26  V 
0.010  l» 

16.0  - 4.0  W 

1 9.1) 

3.75  - 28.5  Co 

3.0  Al 


55.29  D.l  | 

60.0 

66.0 

35.0 

14.96  0.05 

46.0 

45.0 

60.0 

71.0 

79.0 


<0.01  0.33 

5.0 

2.0 


1.96  i 14.60 


21.0 

20.0 

19.0 

7.0 

2.0 


0.07  19.08  3.34  9.72 

26.0 

30.0 

19.84  - 10.0 

0.74  19.84  7.14 

22.0  - 7.0 

2.1H)  21.0  - 7.0 

22.0  9.0 

:o.o 


11.47  Co 


35.0  Co 

0.058  At 
40.46  Co 
0.07  Be 

2.5  Co 

1.0  W 

5.0  Sn 

3.0  Bi 

8.0  Sn 

7.0  Zn 

4.0  Mi 


Source* 

CHI.  (4) 
CHI.  (4) 
INCO  (3) 

INCO  (3) 
CHI.  (4) 

CHI.  (4) 
INCO  1 3) 
CHI.  (4) 

INCO  (3) 
CHI.  (4) 

INCO  (3) 

CHI.  (4) 
CHI.  (4) 
INCO  (3) 

INCO  (3) 
INCO  (3) 
CHI.  (4) 
CHI.  (4) 

CHI.  (4) 
INCO  (3) 

CHI.  (4) 


INCO  (3) 
INCO  (3) 
INCO  <31 

CHI.  (4) 

INCO  (3) 
INCO  (3) 

CHI.  (4) 
CHI.  (4) 

INCO  (3) 
INCO  (Si 
INCO 

INCO  (3) 
INCO  (3) 


97.55 


1.95  Be 


CHI.  (4) 


Tabic  33.  Continued. 
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Table  31.  Continued. 
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Table  33.  Continued. 
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I able  35.  Stress  Corrosion  of  Nickel  Allovs 


Exposure 

(day) 


Depth 

(ft) 

Number  of 
Specimens 
Exposed 

Number 

Failed 

2,370 

3 

0 

2,370 

3 

0 

2,370 

3 

0 

2,370 

3 

0 

6,780 

3 

0 

6,780 

3 

0 

2.340 

3 

0 

2.340 

3 

0 

2.370 

3 

0 

2.370 

3 

0 

2.370 

3 

0 

6,780 

3 

0 

6,780 

3 

0 

2.340 

i 

0 

2.340 

3 

0 

2.370 

3 

0 

2.370 

3 

o 

2,370 

3 

0 

5.640 

3 

0 

5.640 

3 

0 

5.640 

j 

0 

6,780 

3 

0 

6.780 

3 

0 

6.780 

3 

0 

5.640 

3 

0 

5.640 

3 

0 

5,640 

3 

0 

2.340 

3 

0 

2.340 

3 

0 

2,340 

3 

0 

2.370 

3 

0 

2.370 

3 

0 

2.370 

3 

0 

2.370 

3 

0 

6.780 

3 

0 

6.780 

3 

0 

2.340 

3 

0 

Source11 


CEL  (4) 
CEL  (4) 


CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 

CEI  (4) 
CEL  (4) 

NAI>C  (7) 
NAIJC  (7) 
NAIJC  (7) 


OUVT 


Tabic  35.  Continued. 


Alloy 

Stress 

(ksi) 

Percent 

Yield 

Strength 

Exposure 

(day) 

Depth 

(ft) 

Ni-Be.  1/2  II 

93 

75 

197 

2.340 

Ni-Be,  1/2  II 

37 

30 

402 

2,370 

Ni-Be.  1/2  II 

93 

75 

402 

2,370 

Ni-Be.  1/2  II T 

60 

30 

403 

6,780 

Ni-Be,  1/2  IIT 

60 

30 

197 

2,340* 

Ni-Be.  1/2  III' 

60 

30 

402 

2,370 

Number  of 
Specimens 
Exposed 


Number 

Failed 


Source 


NADC  (7) 
NADC  (7) 
NADC  (7) 

NADC  (7) 
NADC  (?) 
NADC  (7) 


^Numbers  refer  to  references  at  end  of  report. 

'’Severe  corrosion  at  sheared  edges  indicating  possible  susceptibility  to  stress  corrosion  cracking. 


SECTION  5 


STAINLESS  STEELS 


The  corrosion  resistance  of  stainless  steels  is 
attributed  to  a very  thin,  stable  oxide  film  on  the 
surface  of  the  alloy  which  results  from  the  alloying  of 
carbon  steels  with  chromium.  Chromium,  being  a 
passive  metal  (corrosion  resistant),  imparts  its 
passivity  to  steel  when  alloyed  with  it  in  amounts  of 
12%  or  greater.  These  iron-chromium  alloys  arc  very 
corrosion-resistant  in  oxidizing  environments  because 
the  passive  film  is  maintained  in  most  environments 
when  a sufficient  amount  of  oxidizing  agent  or 
oxygen  is  present  to  repair  any  breaks  in  the  protec- 
tive film. 

The  corrosion  resistance  of  stainless  steels  is 
further  enhanced  by  the  addition  of  nickel  to  the 
iron-chromium  alloys.  This  group  of  alloys  is  popu- 
larly known  as  the  18-8  ( 18%  chromium  8%  nickel) 
stainless  steels. 

In  general,  oxidizing  conditions  favor  passivity 
(corrosion  resistance),  while  reducing  conditions 
destroy  it.  Chloride  ions  are  particularly  agressive  in 
destroying  this  passivity. 

Stainless  steels  usually  corrode  by  pitting  and 
crevice  corrosion  in  seawater.  Pits  begin  by  break- 
down of  the  passive  film  at  weak  spots  or  at  non- 
homogeneities.  The  breakdown  is  followed  by  tlie 
formation  of  an  electrolytic  cell,  the  anode  of  which 
is  a minute  area  of  active  metal  and  the  cathode  of 
which  is  a considerable  area  of  passive  metal.  The 
large  potential  difference  characteristic  of  this 
“passive-active”  cell  accounts  for  considerable  flow  of 
current  with  attendant  rapid  corrosion  (pitting)  at  the 
small  anode. 

Pitting  is  most  likely  to  occur  in  the  presence  of 
chloride  ion'  (for  example,  seawater),  combined  with 
such  depolarizers  as  oxyget.  or  oxidizing  salts.  An 
oxidizing  environment  is  usually  necessary  for  pre- 
servation of  passivity  with  accompanying  high 
corrosion  resistance;  but,  unfortunately,  it  is  also  a 
favorable  condition  for  pitting.  The  oxidizer  can 
often  act  as  a depolarizer  for  passive-active  cells  that 
were  established  by  breakdown  of  passivity  at  a 
specific  point  or  area.  The  chloride  ion  in  particular 
can  accomplish  this  breakdown. 


Stainless  steels  can  and  do  pit  in  aerated  seawater 
(near  neutral  chloride  solution).  Pitting  is  less  pro- 
nounced in  rapidly  moving  seawater  (aerated 
solution)  as  compared  with  partially  aerated,  stagnant 
seawater.  The  flow  of  seawater  carries  away  corrosion 
products  which  would  otherwise  accumulate  at 
crevices  or  cracks.  It  also  insures  uniform  passivity 
through  free  access  of  dissolved  oxygen. 

As  discussed  above,  stainless  steels  generally  cor- 
rode in  seawater  by  pitting  and  crevice  corrosion-, 
therefore,  as  much  as  90  to  95%  of  the  exposed 
surface  can  be  uncorrodcd.  With  such  low  percentages 
of  the  total  exposed  area  affected,  corrosion 
calculated  from  loss  in  weight  as  mils  penetration  per 
year  (mpy)  can  give  a very'  misleading  picture.  The 
mpy  implies  a uniform  decrease  in  thickness,  which, 
for  stainless  steels,  is  not  the  case. 

A manifestation  of  pitting  corrosion,  whose 
presence  and  extent  is  often  overlooked,  is  tunnel 
corrosion.  Tunnel  corrosion  is  also  classified  by  some 
as  edge,  honeycomb,  or  underfilm  corrosion.  Tunnel 
corrosion  is  insidious  because  of  its  nature  and 
because  many  times  it  is  not  apparent  from  the 
outside  surfaces  of  the  object.  It  starts  as  a pit  on  the 
surface  or  on  an  edge  and  propagates  laterally 
through  the  material,  many  times  leaving  thin  films  of 
uncorrodcd  metal  on  the  exposed  surfaces. 

Another  manifestation  of  localized  attack  in 
stainless  steels  is  oxygen  concentration  cell  corrosion 
in  crevices  (usually  known  as  crevice  corrosion).  This 
type  of  corrosion  occurs  underneath  deposits  of  any 
kind  on  the  metal  surface,  underneath  barnacles,  and 
at  the  faying  surfaces  of  a joint.  The  area  of  stainless 
steel  that  is  shielded  from  the  surrounding  solution 
becomes  deficient  in  oxygen,  thus  creating  a 
difference  in  oxygen  concentration  between  the 
shielded  and  unshielded  areas.  An  electrolytic  cell  is 
created,  with  a difference  of  potential  being 
generated  between  the  high  and  low  oxygen  concen- 
tration areas  (the  low  oxygen  concentration  area 
becomes  the  anode  of  the  cell). 

Low  weight  losses  and  corrosion  rates  accompany 
these  manifestations  of  corrosion.  Thus,  the  integrity 
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of  a stainless  steel  structure  can  be  jeopardized  if 
designed  solely  on  the  basis  of  corrosion  rates  calcu- 
lated from  weight  losses  rather  than  on  the  basis  of 
measured  depths  of  pits,  lengths  of  tunnel  corrosion, 
and  depths  of  crevice  corrosion.  Pitting,  tunneling, 
and  crevice  corrosion,  can  and  do  penetrate  stainless 
steel  rapidly,  thus  rendering  it  useless  in  short  periods 
of  time. 

Therefore,  corrosion  rates  expressed  as  mpy 
calculated  from  weight  losses,  maximum  pit  depths, 
maximum  lengths  of  tunnel  corrosion,  maximum 
depths  of  crevice  corrosion,  and  types  of  corrosion 
arc  tabulated  to  provide  an  overall  picture  of  the 
corrosion  of  the  stainless  steels. 


$.1.  AISI  200  SERIES  STAINLESS  STEELS 

The  chemical  compositions  of  the  AISI  200  Series 
stainless  steels  are  given  in  Table  36,  their  corrosicn 
rates  and  types  of  corrosion  in  Table  37.  their  stress 
corrosion  behavior  in  Table  38,  and  the  effect  of 
exposure  on  their  mechanical  properties  in  Table  39. 

The  AISI  200  Series  stainless  steels  are  300  Series 
stainless  steels  modified  by  substituting  manganese 
for  about  one-half  of  the  nickel.  This  modification 
docs  not  adversely  affect  the  corrosion  resistance  of 
iron-chromium-nickcl  alloys  in  many  environments. 

5.1.1.  Duration  of  Exposure 

The  AISI  201  and  202  alloys  were  attacked  by 
crevice  and  pitting  types  of  corrosion  both  at  the 
surface  and  at  depths  in  the  seawater.  There  was  a 
tendency  for  both  alloys  to  be  more  severely  cor- 
roded after  longer  periods  of  exposure  Itoth  at  the 
surface  and  at  depth.  The  liottom  sediments  were 
about  as  corrosive  as  the  seawater  above  them. 

5.1.2.  Effect  of  Depth 


5.1.3.  Effect  of  Concentration  of  Oxygen 

The  effect  of  changes  in  the  concentration  of 
oxygen  in  seawater  on  the  corrosion  of  both  AISI 
201  and  202  stainless  steels  was  nonuniform.  In 
general,  crevice  and  pitting  corrosion  were  more  rapid 
and  severe  at  the  surface  than  at  depth,  but  there  was 
no  definite  correlation  between  corrosion  and  oxygen 
concentration. 

As  is  well  known,  oxygen  can  and  docs  play  a 
dual  .-ole  in  the  corrosion  of  staintess  steels  in  electro- 
lytes (for  example,  seawater).  An  oxidizing  environ- 
ment (presence  of  oxygen  or  other  oxidizers)  is 
necessary  for  maintaining  the  passivity  of  stainless 
steels.  However,  this  same  oxidizing  environment  is 
necessary  to  initiate  and  maintain  pitting  in  stainless 
steels.  Oxygen  often  acts  as  the  depolarizer  for 
passive-active  cells  created  by  the  breakdown  of 
passivity  at  a specific  point  or  area.  The  chloride  ion 
(present  in  abundance  in  seawater)  is  singularly 
efficient  in  accomplishing  this  breakdown.  Therefore, 
this  dual  role  of  oxygen  can  lie  used  to  explain  the 
inconsistent  and  erratic  corrosion  lichavior  of  stain- 
less steels  in  seawater. 

5.1.4.  Stress  Corrosion 

AISI  201  stainless  steel  was  exposed  at  the  depths 
and  for  the  times  shown  in  Table  38  when  stressed  at 
values  equivalent  to  30  and  75%  of  its  yield  strength 
to  determine  its  susceptibility  to  stress  corrosion. 
AISI  201  stainless  steel  was  not  susceptible  to  strc$$ 
corrosion  under  the  above  conditions  of  test. 

5.1.5.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical 
properties  of  AISI  201  and  202  stainless  steels  arc 
given  in  Table  39.  The  mechanical  properties  were 
not  adversely  affected. 


The  corrosion  of  AISI  201  was  approximately  the 
same  at  the  surface  as  at  depth,  while  that  of  AISI 
202  was  less  severe  at  depth  than  at  the  surface.  How- 
ever, it  was  concluded  that  depth  had  no  definite 
influence  on  the  corrosion  of  the  AISI  200  Series 
stainless  steels. 


5.2.  AISI  300  SERIES  STAINLESS  STEELS 

The  chemical  compositions  of  the  AISI  300  Series 
stainless  steels  are  given  in  Taldc  40,  their  corrosion 
rates  and  types  of  corrosion  in  Table  41,  their  stress 
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corrosion  behavior  in  Table  42,  and  the  effect  of 
exposure  on  their  mechanical  properties  in  Table  43. 

The  corrosion  of  the  A1S1  300  Series  stainless 
steels  was  very  erratic  and  unpredictable.  They  were 
attacked  by  crevice,  pitting,  and  tunnel  types  of  cor- 
rosion, in  varying  degrees  of  severity  ranging  from 
incipient  to  perforation  of  the  thickness  of  the 
specimens  and  tunnels  extending  laterally  for  a 
distance  of  11  inches  (11,000  mils)  through  the 
specimen.  Comparing  the  intensities  of  these  types  of 
localised  corrosion  with  the  corresponding  corrosion 
rates  indicates  no  definite  correlation  between  'hem. 

Two  alloys,  AIS1  317  an-.  129,  were  att  ked 
only  by  incipient  crevice  corrosion  during  exposures 
at  all  three  depths  (surface,  2,500,  and  6,000  feet)  in 
seawater  for  periods  ranging  from  366  days  at  the 
surface  to  1,06s  days  at  the  6,000-foot  depth. 

Sensitization  (heating  for  1 hour  at  1 ,200°F  and 
cooling  in  air)  rendered  AIS1  304  and  316  stainless 
steels  more  susceptible  to  corrosion  than  their 
unsensitized  counterparts. 

5.2.1.  Duration  of  Exposure 

Examination  of  the  data  in  Table  41  shows  that 
there  is  no  definite  or  consistent  correlation  between 
severity  of  corrosion  or  corrosion  rates  and  duration 
of  exposure.  For  example,  at  the  6,000-foot  depth  in 
seawater  the  intensities  of  pitting  and  tunnel  cor- 
rosion were  greater  after  403  days  than  after  1,064 
days  of  exposure,  the  intensity  of  crevice  corrosion 
was  greater  after  1,064  days  than  after  403  days  of 
exposure,  and  the  maximum  corrosion  rate  was 
greater  after  1,064  days  than  after  403  days  of 
exposure. 

5.2.2.  Effect  of  Depth 

The  data  in  Tabic  41  show,  in  gcncrui,  that  the 
intensities  of  crevice,  pitting,  and  tunnel  corrosion 
were  c-ther  about  the  same  or  greater  at  the  surface 
than  at  the  depth.  The  corrosion  rates  are  in  agree- 
ment with  this  conclusion  in  that  those  of  most  of 
the  alloys  were  greater  at  the  surface  than  at  depth. 
Eased  on  these  data  and  the  above  statements,  it  is 
concluded  that  depth  in  the  ocean  exerts  no  signifi- 
cant influence  on  the  corrosion  of  AISI  300  Scries 
stainless  steels. 


5.2.3.  Effect  of  Concentration  of  Oxygen 

There  was  no  definite  correlation  between  the 
intensities  of  pitting,  tunnel,  and  crevice  corrosion  of 
the  AISI  300  Series  stainless  steels  and  changes  in  the 
concentration  of  oxygen  in  seawater  after  1 year  of 
exposure.  On  the  basis  of  corrosion  rates  for,  those 
alloys  which  had  definite  weight  losses,  the  rates 
increased  with  increasing  concentration  of  oxygen, 
but  not  uniformly. 

These  data  indicate  that  the  corrosion  of  the  AISI 
300  Series  stainless  steels  is  not  proportional  to 
changes  in  the  concentration  of  oxygen  in  seawater. 
The  dual  role  oxygen  plays  in  the  corrosion  of  stain- 
less steels  in  seawater,  as  discussed  previously,  also 
applies  here  as  an  explanation  for  the  erratic  behavior 
of  AISI  300  Series  stainless  steels. 

5.2.4.  Stress  Corrosion 

Some  of  the  AISI  300  Series  stainless  steels  were 
stressed  at  values  ranging  from  30  to  80%  of  their 
respective  yield  strengths.  They  were  exposed  in  the 
seawater  at  depths  of  2,500  and  6,000  feet  for 
various  periods  of  time  to  determine  their  suscepti- 
bility to  stress  corrosion  cracking.  These  data  are 
given  in  Table  42. 

None  of  the  steels  were  susceptible  to  stress  cor- 
rosion under  the  conditions  of  these  tests. 

5.2.5.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical 
properties  of  some  of  the  300  Series  stainless  steels 
are  given  in  Table  43. 

In  only  two  cases  were  the  mechanical  properties 
adversely  affected:  (1)  After  1,064  days  of  exposure 
at  the  6,000-foot  depth,  the  tensile  and  yield 
strengths  and  the  elongation  of  AISI  304L  were 
reduced  by  about  30%.  This  is  attributed  to  the  per- 
foration of  the  specimen  by  both  crevice  and  pitting 
corrosion,  and  cJge  and  tunnel  corrosion.  (2)  After 
402  days  of  exposure  at  the  2,500-foot  depth,  the 
tensile  and  yield  strengths  of  welded,  sensitized  AISI 
316  were  reduced  by  45%.  These  reducuons  arc 
attributed  to  the  effects  of  welding. 
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5.3.  A1SI  400  SERIES  STAINLESS  STEELS 

The  chamic.il  compositions  of  the  AISI  400  Series 
stainless  steels  are  given  in  Table  44,  their  corrosion 
rates  and  type  of  corrosion  in  Table  45,  their  stress 
corrosion  behavior  in  Table  46,  and  the  effect  of 
exposure  on  their  mechanical  properties  in  Table  47. 

The  AISI  400  Series  stainless  steels  are  those 
which  nominally  contain  1 1 to  27%  chromium.  The 
400  Series  stainless  steels  are  further  divided  into 
ferritic  and  martensitic  steels.  The  ferritic  steels  are 
nonhardenablc  by  heat  treatment;  those  in  this 
category  in  this  program  were  AISI  405,  430,  and 
446.  The  martensitic  steels  are  hardenable  by  heat 
treatment,  and  the  one  in  this  category  in  this  pro- 
gram was  AISI  410. 

The  corrosion  of  the  AISI  400  Series  stainless 
steels  was  erratic  and  was  characterized  by  the 
localized  types  of  corrosion  (crevKX,  pitting,  and 
tunnel).  The  intensities  of  these  types  varied  from 
none  to  complete  perforation  of  the  thickness  of  the 
specimens  for  the  crevice  and  pitting  types  and  tunnel 
corrosion  extending  laterally  the  entire  12-inch 
(12.000  mils)  length  of  sp;  cimcns.  There  was  no 
correlation  between  the  intensities  of  these  types  of 
localized  corrosion  and  the  corresponding  corrosion 
rates  calculated  from  weight  losses.  The  frequencies 
and  intensities  of  these  types  of  corrosion  were  also 
greater  for  the  AISI  400  Series  stainless  steels  than 
for  the  AISI  300  Series  stainless  steels. 

5.3.1.  Duration  of  Exposure 

The  data  in  Table  45  show  no  correlation 
between  either  intensities  of  the  localized  types  of 
corrosion  or  corrosion  rates  and  duration  of  expo- 
sure. Neither  one  decreased  or  increased  continuously 
with  increasing  duration  of  exposure. 

5.3.2.  Effect  of  Depth 

Depth  had  no  uniform  or  gradual  effect  on  the 
corrosion  rates  of  the  AISI  400  Series  stainless  steels, 
although  the  rates  were  lower  at  depth  than  at  the 
surface.  However,  these  corrosion  rates  did  not 
decrease  with  increasing  depth,  i.e..  they  were  lower 
at  the  2.500-foot  depth  than  at  the  6,000-foot  depth 
for  two  of  the  four  steels.  The  intensities  of  the 


localized  types  of  corrosion  were  either  the  same  or 
greater  at  the  surfac-  as  at  depth. 

Depth  had.no  definite  influence  on  the  corrosion 
of  the  AISI  400  Series  stainless  steels. 

5.3.3.  Effect  of  Concentration  of  Oxygen 

In  general,  the  corrosion  rates  of  the  AISI  400 
Series  stainless  steels  were  higher  at  the  highest  con- 
centration of  oxygen  (at  the  suiface)  than  at  the 
lower  concentrations.  However,  the  increases  were 
not  proportional  to  the  increase  in  the  oxygen  con- 
centration except  for  AISI  410  after  1 year  of 
exposure.  The  intensities  of  the  localized  types  of 
corrosion  were  not  influenced  by  changes  in  the 
concentration  of  oxygen  in  the  seawater. 

In  general,  changes  in  the  concentration  of 
oxygen  in  seawater  did  not  exert  a major  influence  on 
the  corrosion  of  the  AISI  400  Series  stainless  steels. 

5.3.4.  Stress  Corrosion 

The  AISI  400  Series  stainless  steels  were  stressed 
at  values  ranging  from  30  to  75%  of  their  respective 
yield  strengths.  They  were  exposed  in  seawater  at  the 
2,500-  and  6,000-foot  depths  for  various  periods  of 
time  to  determine  their  susceptibilities  to  stress  cor- 
rosion cracking.  These  data  are  given  in  Table  46. 

None  of  the  AISI  400  Series  stainless  steels  were 
susceptible  to  stress  corrosion  under  the  conditions  of 
ti.cse  tests. 

5.3.5.  Mechanical  Properties 

'I  he  effects  of  exposure  on  the  mechanical  pro- 
perties of  the  AISI  400  Series  stainless  steels  arc  given 
in  Table  47. 

In  only  two  cases  were  the  mechanical  properties 
seriously  impaired:  ( I ) After  403  slays  of  exposure  at 
the  6,000-foot  depth,  the  tensile  and  yield  strengths 
and  the  elongation  of  AISI  405  were  seriously 
reduced.  (2)  After  751  days  of  exposure  at  the 
6,000-foot  depth,  the  tensile  and  yield  strengths  and 
the  elongation  of  AISI  430  were  completely 
destroyed. 

In  ail  other  exposures  and  for  the  other  steels 
there  was  no  impairment  of  the  mechanical  pro- 
perties. 
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5.3,6.  Corrosion  Products 

The  corrosion  products  taken  from  one  of  the 
corrosion  tunnels  in  AISI  Type  430  stainless  steel 
were  analyzed  by  X-ray  diffraction,  spectrographic 
analysis,  quantitative  chemical  analysis,  and  infra-red 
spectrophotometry'  and  were  found  to  contain 
amorphous  ferric  oxide  (l:e2Oj  -XlljO),  l-’c,  Cr,  Mn, 
Si,  trace  of  Ni,  1.41%  chloride  ion,  2.12%  sulfate  ion, 
and  a significant  amount  of  phosphate  ion. 

5.4.  PRECIPITATION-HARDENING 
STAINLESS  STEEL 

The  chemical  compositions  of  the  precipitation- 
hardening stainless  steels  are  given  in  Table  48,  their 
corrosion  rates  and  types  of  corrosion  in  Tabic  49, 
their  stress  corrosion  behavior  in  Tables  50  and  51. 
and  the  effect  of  exposure  on  their  mechanical 
properties  in  Table  52. 

The  precipitation-hardening  stainless  steels  differ 
from  the  conventional  stainless  steels  (Albl  Series 
200,  300,  and  400)  in  that  they  can  be  hardened  to 
very  high  strength  levels  by  hcJting  the  annealed 
steels  to  temperatures  in  the  900  to  1,2(K)°I-  range 
and  then  cooling  in  air. 

The  coirosion  of  the  precipitation-hardening 
stainless  steels  was  erratic  and  was  of  the  crevice, 
pitting,  and  tunnel  types  of  localized  corrosion  with 
some  edge  attack.  There  was  no  correlation  between 
the  intensities  of  these  types  of  localized  corrosion 
and  the  corresponding  corrosion  rates  calculated  from 
weight  losses.  I he  frequencies  and  intensities  of  these 
types  of  corrosion  were  greater  for  the  precipitation- 
hardening  st  iinless  steels  than  for  the  AISI  300  Series 
stainless  steels. 

The  I5-7AMV  steels  corroded  at  extremely  ramd 
rates  by  crevice,  pitting,  tunnel,  and  edge  corrosion. 
In  many  instances,  large  portions  of  the  specimens 
had  been  lost  due  to  corrosion,  in  other  cases  tunnel 
corrosion  had  extended  laterally  through  the  speci- 
mens for  distances  of  1 1 or  12  im  es  within  a year  of 
exposure.  They  were  considerably  more  susceptible 
to  corrosion  than  were  the  other  precipitation- 
hardening  stainless  steels. 

Alloy  17Cr-14Ni-Cu-Mo  was  nearly  free  of  cor- 
rosion after  exposure  for  366  days  at  the  surface,  402 
days  at  2.500  feet,  and  1,064  days  at  6, (KM)  feet. 
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There  was  one  case  of  pitting  to  a depth  of  3 mils 
after  181  days  of  exposure  at  the  surface.  There  was 
incipient  crevice  corrosion  at  the  surface  and  at  depth 
except  for  pitting  to  a depth  of  3 mils  after  1,064 
days  of  exposure  in  the  bottom  sediment  at  the 
6,000-foot  depth. 


5.4.).  Duration  of  Exposure 


The  data  in  Table  49  show  that  there  was  no 
correlation  between  the  intensities  of  the  localized 
types  of  corrosion  and  duration  of  exposure.  Also, 
there  was  no  correlation  between  corrosion  rates 
calculated  from  weight  losses  and  duration  of 
exposure  except  for  the  15-7AMV  steels  for  which 
the  corrosion  rates  increased  with  increasing  time  of 
exposure. 

5.4.2.  Effect  of  Depth 

In  general,  depth  had  no  effect  on  the  corrosion 
of  the  precipitation-hardening  stainless  steels. 

5.4.3.  Effect  of  Concentration  of  Oxygen 

Changes  in  the  concentration  of  oxygen  in  sea- 
water exerted  no  definite  or  major  influence  on  the 
corrosion  behavior  of  the  precipitation-hardening 
stainless  steels. 

5.4.4.  Effect  of  Welding 


I 
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A 3-inch-diameter  circular,  unrelieved  weld  was 
made  in  the  center  of  the  6 x 1 2-inch  specimens  of 
some  of  the  alloys  to  impose  residual  stresses  in  the 
specimens.  Others  had  a 6-inch-long  transverse, 
unrelieved  butt  weld  across  the  center  of  the 
6x  12-inch  specimens.  These  welds  were  to  deter- 
mine whether  welding  affected  the  corrosion  behavior 
and  stress  corrosion  susceptibilities  of  the  alloys. 

Welding  did  not  affect  the  corrosion  behavior  of 
the  precipitation-hardening  stainless  steels. 

The  effects  of  residual  stresses  imposed  by 
welding  will  be  discussed  under  5.4.5. 

5.4.5.  Stress  Corrosion 

The  precipitation-hardening  stainless  steels  were 
stressed  at  values  ranging  from  35  to  85%  of  their 
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respective  yield  strengths.  They  were  exposed  in  sea- 
water at  the  surface,  2,500-,  and  6,000-foot  depths 
for  various  periods  of  time  to  determine  their  sus- 
ceptibilities to  stress  corrosion.  Their  data  arc  given  in 
Table  50.  A 3-inch-diamt?' >'  circular,  unrelieved  weld 
was  made  in  the  center  of  the  6 x 1 2-inch  specimens 
of  some  alloys  to  impose  residual  stresses  in  them. 
Transverse,  unrelieved  butt  welds  were  made  in  other 
specimens  for  the  purpose  of  simulating  stresses 
induced  during  construction  or  fabrication.  These 
residual  stresses  were  multiaxial  rather  than  uniaxial 
as  was  the  case  with  the  specimens  with  calculated 
stresses.  In  addition,  values  of  these  residual  stresses 
were  indeterminable.  These  specimens  were  exposed 
in  seawater  under  the  same  conditions  as  those  above. 
Their  data  are  given  in  Table  5 1. 

Alloy  AISI  630,11925  with  a transverse  butt  weld 
did  not  fail  by  stress  corrosion  when  stressed  to  75% 
of  its  yield  strength  either  at  the  surface  or  at  depth. 
However,  it  did  fail  due  to  the  unrelieved  stresses 
imposed  by  the  circular  weld  after  403  days  of 
exposure  at  the  6,000-foot  depth.  The  crack  pro- 
pagated across  the  weld  I lead. 

Specimens  of  transverse,  butt-welded  AISI 
631, '1111050  failed  when  stressed  to  50%  of  its  yield 
strength  and  exposed  both  at  the  surface  and  at 
depth-  Specimens  with  circular  welds  also  failed  when 
exposed  at  the  surface  and  at  depth.  At  the  surface 
the  cracks  extended  radially  from  a point  inside  the 
circle  to  the  circular  weld  bead.  At  depth  the  crack 
extended  across  and  around  the  outside  edge  ol  the 
weld  bead. 

Specimens  of  transverse  butt-welded  AISI 
6!1,RII1050  failed  when  stressed  to  75%  of  its  yield 
strength  and  exposed  at  the  2,500-foot  depth.  Speci- 
mens with  circular  weld  beads  also  failed  when 
exposed  at  depth.  The  cracks  originated  at  the  out- 
side edge  of  the  weld  beads  and  propagated  circum- 
ferentially in  both  directions  either  at  the  edge  of  the 
weld  bead  or  in  the  heat-affeeted  zone. 

Specimens  of  alloy  AISI  632, Kil  100  with  a trans- 
verse butt  weio  did  not  fail  by  stress  corrosion  when 
stressed  to  75%  of  its  yield  strength  and  exposed 
either  at  the  surface  or  at  depth.  However,  a specimen 
with  a circular  weld  failed  during  402  days  of  expo- 
sure at  the  2 500-foot  depth.  The  origin  of  the  crack 
was  on  the  outside  edge  or  the  weld  bead,  and  it 
propagated  circumferentially  in  both  directions  in  the 
heat-affected  zone. 


Alloys  AISI  634, CRT;  AISI  635,  ASTM 
XM  16,11950  and  111050;  AL362.H950  and  111050; 
and  alloy  18Cr-14Mn-0.5N  were  not  susceptible  to 
stress  corrosion  under  the  conditions  of  these  tests. 

Alloy  PH14-8Mo,SRH950  with  a transverse  butt 
weld  failed  by  stress  corrosion  cracking  when  stressed 
to  50%  of  its  yield  strength  and  exposed  at  depth. 

Specimens  of  15-7 AMV  in  the  A,  Rill  150,  and 
RH950  tempers  failed  by  stress  corrosion  cracking 
when  stressed  at  35,  50,  and  75%  of  their  respective 
yield  strengths  and  exposed  at  depth.  Alloy 
1S-7AMV.RII1 150  failed  when  exposed  at  depth  due 
to  the  stresses  imposed  by  it  being  squeezed  between 
insulators  such  that  it  was  slightly  bowed.  Alloys  of 
15-7AMV.RII1 150  and  RH950  failed  by  stress  cor- 
rosion when  exposed  at  depth;  the  cracks  originated 
at  unreamed,  drilled  holes  in  the  specimens. 

5.4.6.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical 
properties  of  the  precipitating-hardening  stainless 
steels  are  given  in  Table  52.  Generally,  the  mechanical 
properties  of  the  precipitation-hardening  stainless 
steels  were  adversely  affected  by  exposure  in  seawater 
both  at  the  surface  anil  at  depth. 

5.5.  MISCELLANEOUS  STAINLESS  STEELS 

Included  in  this  category  arc  the  case  and 
specialty  stainless  steels  which  could  not  be  included 
in  the  other  classifications.  Their  higher  nickel  con- 
tents and  the  addition  of  mols  hdenum  are  to  increase 
the  range  of  protection  of  their  passive  films  and  to 
increase  their  n istance  to  pitting  corrosion,  because 
these  passive  films  are  so  much  more  resistant  to 
destruction,  any  corrosion  localized  in  the  form  of 
crevice  and  pitting. 

The  chemical  compositions  of  the  miscellaneous 
stainless  steels  are  given  in  'I  able  53,  their  corrosion 
rates  and  types  of  corrosion  in  Table  54,  their  stress 
corrosion  behavior  in  Table  55.  and  the  effect  of 
exposure  on  their  mechanical  properties  in  "1  able  56. 

These  alloys  were  considerably  more  resistant  to 
corrosion  than  the  other  alloys.  There  were  two  cases 
of  crevice  corrosion  at  depth  of  alloy  20Cb,  with  the 
deepest  attack  being  102  mils.  There  were  also  two 
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cases  each  of  crevice  and  pitting  attack  during  surface 
exposure;  21  mils  maximum  for  crevice  corrosion, 
and  24  mils  maximum  for  pitting  corrosion. 

Alloy  20Cb-3,  a modified  version  of  20Cb  (4% 
higher  nickel  content),  was  more  resistant  to  cor- 
rosion by  seawater  and  the  bottom  sediments  than 
2(X:i».  There  was  only  one  case  of  crevice  corrosion 
(40  mils  deep)  at  depth. 

The  corrosion  of  two  cast  versions  of  20Cb, 
Ni-Cr-Cu-Mo  numbers  1 and  2,  was  very  similar  to 
that  of  the  2(>Cb.  There  were  isolated  cases  of  crevice 
corrosion,  the  maximum  depth  of  attack  being  27 
mils. 

There  was  only  incipient  crevice  corrosion  on  cast 
alloy  Ni-Cr-Mo  during  exposure  at  the  surface  and  at 
depth. 

Cast  alloy  Ni-Cr-Mo-Si  was  not  susceptible  to  cor- 
rosion by  seawater  during  exposure  either  at  the  sur- 
face or  at  depth. 

Cast  alloy  RI.-35-100  was  attacked  by  general  and 
uniform  types  rather  than  by  the  localized  types  of 
corrosion.  The  corrosion  rates  were  rather  low,  the 
maximum  being  0.7  mil  per  year  after  3 years  of 
exposure  at  the  6.000-foot  depth. 

The  corrosion  behavior  of  these  alloys  was  not 
affected  by  duration  of  exposure,  depth  of  exposure, 
ot  changes  in  the  concentration  of  oxygen  in  sea- 
water. 

As  shown  in  Table  55,  alloy  20Cb  was  not  sus- 
ceptible to  stress  corrosion  in  seawater  at  depth. 

The  effects  of  exposure  in  seawater  on  the 
mechanical  properties  of  alloy  2<K.I;  are  given  in 
Table  56.  The  mechanical  properties  were  not 
affected. 
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I'ablc  36.  Chemical  Compositions  of  200  Series  Stumless  Steels,  Percent  by  Weight 


AIS1  201 
A1SI  201 
AISI  202 
A1SI  202 


= remainder. 

Numbers  refer  to  references  at  end  of  report. 
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Table  37.  Corrosion  Rates  and  Tvpes  of  Corrosion  of  200  Series  Stainless  Steels 
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Tabic  40.  Chemical  Compositions  of  <00  Series  Stainless  Steels,  Percent  by  Weight 
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Alloy 

Stress 

(ksi) 

Percent 

Yield 

Strength 

Exposure 

(day) 

Depth 

(ft) 

Number  of 
Specimens 
Exposed 

Number 

railed 

Source** 

A1S1  301 

62 

mm 

I I 

0 

NADC  (7) 

AISI  301 

82 

■ 9 

Brargsj 

0 

NADC  (7) 

AISI  301 

50 

402 

3 

0 

CE1.  (4) 

AISI  301 

94 

75 

402 

■ 

3 

0 

CHI.  (4) 

AISI  302 

22 

50 

402 

2.370 

3 

0 

CEL  (4) 

AISI  302 

33 

75 

402 

2.370 

3 

0 

CEL  (4) 

AISI  304 

14 

30 

403 

6.780 

3 

0 

NADC  (7) 

AISI  304 

35 

75 

403 

6,780 

3 

0 

NADC  (7) 

AISI  304.  sensitised 

14 

30 

4-03 

6.780 

3 

0 

NADC  (7) 

AISI  304.  sensitised 

35 

75 

403 

6.780 

3 

0 

NADC  (7) 

AISI  304 

14 

30 

197 

2.340 

3 

0 

NADC  (7) 

AISI  304 

35 

75 

197 

2.340 

3 

O 

NADC  (7) 

AISI  304.  sensiti/ed 

35 

75 

197 

2.340 

3 

0 

NADC  (7) 

AISI  304 

14 

30 

402 

2.370 

3 

0 

NADC  (7) 

AISI  304.  sensitised 

14 

3o 

402 

2.370 

3 

<> 

NADC  (7) 

AISI  304 

16 

5o 

402 

2.370 

3 

0 

CEL  (4) 

AISI  304 

35 

75 

402 

2.370 

3 

0 

NADC  (7) 

AISI  304.  sensitised 

75 

402 

2.370 

3 

0 

NADC  (7) 

AISI  304 

75 

402 

2.370 

5 

0 

CEL  (4) 

AISI  3041. 

14 

35 

123 

5.640 

3 

0 

CEL  (4) 

AISI  3041. 

20 

5o 

123 

5.640 

3 

0 

CEL  (4) 

AISI  3041. 

30 

75 

123 

c 640 

3 

0 

CEL  (4) 

AISI  3041. 

'3 

3o 

403 

6 *80 

3 

0 

NADC  (7) 

AISI  3o41..  sensitised 

13 

>0 

403 

s»,  / 80 

3 

0 

NAIX:  (7) 

AISI  3041. 

20 

50 

403 

6.780 

3 

o 

CEL  (4) 

AISI  3041. 

32 

mm 

403 

6.780 

.3 

0 

NAIX:  (7) 

AISI  3041..  sensitised 

32 

mSM 

6.780 

3 

II 

NAIX:  (7) 

AISI  3041. 

30 

wm 

6.780 

3 

0 

CEL  (4) 

AISI  3041. 

14 

35 

5.640 

3 

0 

Cl  L i 4) 

AISI  3041. 

20 

50 

751 

5.640 

3 

CEL  (4) 

AISI  3041. 

30 

75 

751 

5.640 

3 

0 

CE 1.  (4) 

AISI  3041. 

13 

30 

l*»7 

2.340 

3 

0 

NADC  (7) 

AISI  3041. 

20 

50 

197 

2.340 

3 

0 

CEL  (4) 

AISI  3041. 

32 

75 

107 

2.340 

3 

o 

NADC  (7) 

AISI  3041..  sensitised 

32 

75 

197 

2.340 

3 

0 

NADC  (7) 

AISI  3041. 

30 

75 

197 

2.340 

3 

o 

CEL  (4) 

AISI  3041. 

13 

3o 

402 

2.370 

3 

0 

NADC  (7) 

AISI  3041. 

2o 

5o 

402 

2.370 

3 

0 

CE  L (4) 

AISI  3041. 

32 

75 

402 

2.370 

3 

0 

NADC  (7) 

AISI  3o4l„  sensitised 

32 

75 

402 

2.370 

3 

0 

NAIX:  (7) 

AISI  3041 

30 

75 

402 

2.370 

5 

0 

CEL  (4) 
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Alloy 

Stress 

(ksi) 

Her cent 
Yield 
Strength 

Kxposurc 

(day) 

Depth 

(ft) 

Number  of 
Specimens 
Kxposed 

Number 

Hailed 

Source1' 

AISI  316 

14 

MB 

mm 

6,780 

3 

0 

NADC  (7) 

AtSI  316.  sensm/cd 

»4 

mam 

6.780 

3 

0 

NADC  (7) 

AISI  316 

35 

75 

403 

6.780 

3 

(1 

NADC  (7) 

AISI  316.  scnssti/ed 

35 

75 

403 

6.780 

3 

0 

NADC  (7) 

AISI  316 

14 

30 

197 

2.340 

3 

0 

naix:  (7) 

AISI  316 

35 

75 

197 

2.340 

3 

U 

NADC  (7) 

AISI  316,  sensitized 

35 

75 

197 

2.340 

3 

0 

NADC  (7) 

AISI  316 

14 

30 

402 

2.370 

3 

0 

NADC  (7) 

AISI  316.  sensitized 

P 

30 

402 

2.370 

3 

0 

NADC  (7) 

AISI  316 

IK 

50 

402 

2.370 

3 

0 

cm.  (4) 

AISI  316 

35 

75 

402 

2.370 

3 

0 

NADC  (7) 

AISI  316,  sensitised 

35 

75 

402 

2.370 

3 

(1 

NADC  (7) 

AISI  316 

27 

75 

402 

2.370 

3 

(1 

CKI.  (4) 

AISI  3161. 

17 

35 

MM 

5.640 

3 

0 

cm.  (4) 

AISI  3161. 

24 

50 

1 9 

5.640 

3 

0 

cm.  (4) 

AISI  3161. 

36 

75 

123 

5.640 

3 

() 

CKI.  (4) 

AISI  3161. 

14 

30 

403 

6.780 

3 

0 

naix:  (7) 

AISI  3161. 

17 

35 

403 

6.780 

3 

0 

CKI.  (4) 

AISI  3161. 

24 

50 

403 

6.780 

3 

0 

cm.  (4) 

AISI  3161. 

35 

75 

403 

6.780 

3 

0 

NADC  (7) 

AISI  3161..  scnMti/ed 

35 

75 

403 

6.780 

3 

(1 

na.'x:  (7) 

AISI  3161. 

36 

75 

403 

6.78(1 

3 

0 

CKI.  (4) 

AISI  3161. 

17 

35 

751 

5.640 

3 

0 

CKI.  (4) 

MSI  3161. 

24 

50 

751 

5.6-10 

3 

0 

CKI.  (4) 

AISI  3161. 

36 

75 

751 

5.640 

3 

0 

CKI.  (4) 

AISI  3161. 

17 

35 

197 

2.340 

3 

0 

CKI.  (4) 

AISI  3161. 

24 

50 

197 

2.340 

3 

0 

CKI.  (4) 

AISI  3161. 

36 

75 

197 

2.340 

3 

0 

CKI.  (4) 

AISI  3161. 

24 

50 

402 

2.370 

3 

(1 

CKI.  (4) 

AISI  3161. 

36 

75 

402 

2.370 

3 

0 

Cl'l.  (4) 

AISI  321 

Ml 

3<i 

403 

6.780 

3 

0 

naix:  (?) 

AISI  321 

25 

75 

403 

6.780 

3 

(1 

naix:  (7) 

AISI  32 1 . sensitized 

25 

75 

403 

6.780 

3 

0 

naix:  <7) 

AISI  321 

Ml 

30 

197 

2.340 

3 

o 

naix:  (7) 

AISI  321 

25 

75 

197 

2.340 

3 

0 

naix:  (7) 

AISI  321.  seiiMti/ed 

25 

75 

197 

2.340 

3 

0 

naix:  (7) 

AISI  321 

Ml 

30 

402 

2.37(1 

3 

0 

NADC  (7) 

AISI  321 

25 

75 

402 

2.370 

3 

0 

naix:  (7) 

AISI  32 1 . sensitized 

25 

75 

402 

2.370 

J 

0 

naix:  <7) 
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I able  46  Stilus  Corrosnm  <il  400  Senes  Stainless  Steels 


AISl  405 
AISI  405 
AISl  405 
AISI  405 
AISl  405 

AISI  410 
AISI  4 It) 
AISI  410 
AISI  410 
AISI  410 
AISI  410 
AISI  410 
AISI  410 
AISI  410 

AISI  45o 
AISI  43o 
AISI  4 5o 
AISI  430 
AISI  43o 
AISI  43o 
AISI  43" 
•MSI  4 0) 


Percent 

Yield 

Strength 


!•  \ pnsurc 
Idas  ) 


Number  of 
Specimens 
l-.sposcil 


Number 

I'jilcd 

r— " — 

Source'* 

0 

Chi.  (4) 

0 

Chi.  (4) 

0 

Oil.  (4) 

0 

CHI.  (4) 

0 

CHI.  (4) 

0 

NADC  (7) 

0 

naik:  <7) 

0 

NADC  (7) 

0 

NADC  (7) 

0 

NADC  (7) 

0 

Chi.  (4) 

0 

NADC  (7) 

0 

CHI.  (4) 

0 

NADC  (7) 

(1 

NADC  (7) 

0 

NADC  (7) 

0 

NADC  (7) 

0 

NADC  1 7) 

0 

NADC  (7! 

0 

Chi.  (4) 

<» 

NADC  (7) 

0 



CM.  <4» 

* * .4v, 


AIM  405 
MM  It  15 
\ls|  4«»> 
MM  405 
MM  405 
MM  4ns 
AIM  105 
MM  40? 
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“5.  1 lunge 

Oriental 
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AIM  4io 
i MSI  4 III 
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MM  4 50 
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. Msl  I lo  j 


1 ’ 540 
• ’ 57o 
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( I I.  <41 
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( I I.  141 
Cl. I (4  I 
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( I I <41 
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( I I,  <4 > 
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( I I <4  > 

( I I.  (4) 

( II  (4) 

N MX  <7* 
(II  <4t 
( I I.  <4 ) 
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( I I,  <41 
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<11  ■ 4 I 
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(II  141 
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atlit  .l.l<<! 
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AIM  631,  I S 402  2,370  0.5  125  0 4,250  |\  I*  (PKl.T  M>  CKI.  (4) 

AIM  Oil.  1111050'  W IKI  5 44  125  125  4.000  «.  (I’K).  I;.  I’  <I,R):  T NT  CKI.  (4) 

AISI  631.  1111050''  W 1HI  5 2.7  125  125  1.000  C <I»K>;  K.  I‘  <I*K>.  I WHMIA7.  (I’H)  CKI.  (4) 

AIM  *31.  1111050*  W 39H  5 1.9  125  125  2.600  C (I’K);  P (PKl.T  SCC  CKI.  (4) 
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Table  JO.  Stress  Corrosion  of  Precipitation-Hardening  Stainless  Steels,  Calculated  Stresses 


Alloy 

Site** 

(ksii 

Percent 

Yield 

Strength 

l-ixponurc 

(day) 

Depth 

(ft) 

Number  of 
Specimens 
Exposed 

Number 

Railed** 

Source1* 

AISI  630.  H925r 

65 

35 

403 

6.780 

2 

3 

CHI.  (4) 

AISI  630.  II925C 

93 

50 

403 

6,780 

2 

0 

CK1.  (4) 

AISI  620,  H9?5C 

139 

75 

403 

6.780 

2 

0 

cm.  (4) 

AiSI  620,  11925' 

65 

35 

197 

2.340 

2 

0 

cm.  (4) 

AISI  620.  11925' 

92 

50 

197 

2.340 

2 

0 

cm.  (4) 

AISI  620.  11925° 

139 

75 

197 

2.340 

2 

0 

cm.  (4) 

AISI  620,  11925° 

93 

50 

402 

2.370 

3 

0 

cm. «) 

AISI  620,  11925° 

139 

75 

402 

2.370 

3 

0, 

cm.  <4) 

AISI  620.  11925° 

65 

35 

70 

5 

3 

^ i 

cm.  (4) 

AISI  620.  11925° 

93 

50 

364 

5 

3 

1 (89) J 

cm.  (4> 

AISI  620.  11925° 

139 

75 

364 

5 

3 

2(70.233 )" 

cm.  (4> 

AISI  620.  KII950 

61 

39 

123 

5.640 

3 

0 

NADC  (7) 

AISI  620,  KII950 

K6 

55 

123 

5.640 

3 

0 

NADC  (7) 

AISI  620,  KII950 

134 

86 

123 

5,640 

3 

0 

NADC  (*) 

AISI  631,  TII1050° 

66 

35 

403 

6.780 

2 

0 

cm.  (4> 

AISI  631.  TII1050° 

94 

50 

403 

6.780 

2 

1 

CEL  (4) 

AISI  621,  TIHO$0C 

141 

75 

403 

6.780 

2 

1 

cm.  (4) 

AISI  621,  Till 050° 

66 

35 

197 

2.340 

2 

0 

cm.  (4) 

AISI  621.  TII10S01' 

94 

50 

197 

2.340 

2 

0 

cm.  <4) 

AISI  621.  '1111050° 

141 

75 

197 

2.340 

2 

0 

cm.  (4> 

AISI  631,1111050° 

94 

50 

402 

2,370 

3 

0 

cm.  (4) 

AISI  631,  Till 050° 

Ml 

75 

402 

2.370 

3 

• 

cm.  (4) 

AISI  621.  'IHK»5<lr 

66 

35 

364 

5 

3 

o 

cm.  (4> 

AISI  621.  1111050° 

94 

50 

364 

5 

3 

1 (253)' 

cm.  <4) 

AISI  62 1 . '1  111 050** 

141 

75  J 

364 

5 

3 

1 (253)' 

cm.  (4) 

AISI  621.  Kill 050° 

69 

35 

403 

6.780 

2 

0 

cm.  (4) 

AISI  621.  Rill  050° 

98 

50 

403 

6.780 

2 

0, 

cm.  <4) 

AiSI  621.  RHI050r 

147 

75 

403 

6,780 

2 

l4* 

cm.  (4) 

AISI  621.  Kl»)050° 

69 

35 

197 

2.340 

2 

0 

cm.  (4) 

AISI  621.  KHI050° 

98 

50 

197 

2.340 

2 

0 

CEL.  (4) 

AISI  631.  Klll()50° 

147 

75 

197 

2.340 

2 

0 

cm.  (4) 

AISI  621.  RII1050° 

98 

50 

402 

2.370 

3 

0 

CEL  (4) 

AISI  621.  KIII0501' 

147 

75 

402 

2.370 

3 

2 

cm.  (4) 

AISI  621.  KII105()° 

69 

25 

364 

5 

3 

0 

cm.  (4) 

AISI  621,  RIII050° 

98 

50 

364 

5 

3 

0 

cm.  (4) 

AISI  631.  Klll050° 

147 

75 

364 

5 

3 

1 (90)*^ 

CEI.  (4) 

AISI  632.  kill  1(8)° 

64 

35 

403 

6.7>.  * 

2 

0 

CEI,  (4) 

AISI  632.  Kill  100* 

92 

50 

403 

6,7h». 

2 

0 

CEI.  (4) 

Ala.  ~;2.  Rill  100° 

138 

75 

40.' 

6,780 

2 

0 

CEI.  (4) 

AISI  632,  Kill  100° 

64 

35 

197 

2,340 

2 

0 

CEI.  (4) 

AISI  632.  Rill  100° 

92 

50 

197 

2.341) 

2 

0 

CEI.  (4) 

AISI  632.  Rill  1(K)° 

138 

75 

197 

2.340 

2 

0 

CEI.  (4) 

AISI  632.  Rill  100* 

9? 

50 

402 

2.370 

3 

0 

CEI.  (4) 

AISI  632,  Kill  KID1 

138 

75 

402 

2.371/ 

3 

0 

cm.  (4) 

AISI  632.  KlllIOOr 

64 

15 

364 

5 

3 

0 

cm.  (4) 

AISI  632.  Rill  100° 

92 

50 

364 

5 

3 

i ( 

cm.  (4) 

AISI  632.  Rill  lOO1 

138 

75 

364 

5 

3 

3 (56.  70.  133)* 

CEI.  (4) 

Continued 
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i'ablc  50.  Continued. 


Alloy 

Stress 

(ksi) 

Percent 

Yield 

Streii|tth 

Exposure 

(day) 

Depth 

(ft) 

Number  of 
Specimens 
Exposed 

Number 

Ka-leif* 

Source*’ 

15-7  AMV.  K1I950 

77 

35 

751 

5.640 

3 

0 

CEL  (4) 

1 5-7  AMV,  KII950 

110 

50 

751 

5.6-0 

3 

3 

CHI.  (4) 

> 5-7  AMV.  KIW50 

165 

75 

751 

5,640 

3 

3 

CHI.  (4) 

15-7  AMV,  HIW50 

77 

35 

197 

2,340 

3 

0 

CHI.  (4) 

15-7  AMV.  Kliy5i> 

lit) 

So 

197 

2.340 

3 

2> 

CHI.  (4) 

1 5-7  AMV.  Kl WO 

165 

75 

197 

2.340 

3 

*> 

CHI.  (4) 

15-7  AMV,  KI1950 

110 

50 

402 

2.370 

3 

0 

CHI.  (4) 

1 5-7  AMV.  KI1950 

165 

75 

402 

2.370 

3 

3 

CEI.  (4) 

A 1.36’.  11950 

- 

75 

1X9 

5.900 

3 

0 

CEL  (4) 

AUr.2.  Il95ir 

75 

1X9 

5,900 

6 

0 

CHI.  (4) 

AL362, 111050 

75 

1X9 

5.9<X! 

5 

0 

CEI.  (4) 

AI.362.  IIJ05ir 

75 

1X9 

5,900 

6 

0 

CEL  (4) 

A1.362. 111050* 

75 

1X9 

5.9<X> 

1 

0 

CEL  (4) 

AI.362.  fllOSo’" 

75 

1X9 

5//II0 

1 

0 

CEL  (4) 

lXCr-14Mn-0.5N 

41 

50 

402 

2.370 

3 

0 

CEL  (4) 

ltfvIr-HMn-O.SN 

75 

402 

2,370 

3 

() 

CEL  (4) 

^Numbers  in  parentheses  indicate  days  to  lailute. 

L 

Nuttllieis  refer  to  referemes  at  end  (d  report. 

^Transverse  luitt  weld  at  iindlcnpth  of  specimens. 

‘Vaucd  fiy  crevice  Corrosion  at  anvils  of  stress  jij;. 
k llrnke  at  edge  of  weld  head. 

Alroke  at  junction  of  heat-affected  /one  and  sheet  metal. 

^Crevice  corrosion  at  holt  hole,  released  tension. 

*' Painted.  /iiK-rnli  primer.  X mils. 

'Specimens  were  inissinc  when  structure  was  retrieved. 

Mnripicm  crack  in  one  specimen. 

One  specimen  broke  ptlo-  to  exposure  ill  the  seawater. 

Vaintcd.  wash  primer  (MII.-C-K5I  ‘)  • red  lead  epoxy  primer  * epoxy  topcoat.  7 mils. 
'"Painted,  wash  primer  (MII.-CX514)  - epoxy  primer  * epoxy  topcoat.  7 mils. 
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ruble  53.  Chemical  Compositions  ot  Mi%ccllaneou$  Stainless  Steels.  Percent  by  Height 


. l cJ  Soured’ 


[ S|  t.rt.u  M%>  No.  I , c.M 
Ni  U'UisMi)  No,  2 . cyM 
Ni  Cf.Mo.  tiM 
Nl  Cf  -Mo  Sl,  cm 
KL  35-100.  cm 


’.0  i IMi*5 


Mo  I Cu 


2KJ#  VJ Aft  2.0o  j 3.1 

2H.42  2Q.W  2.32  3.3 

33.0  20.0  23  I 3.5 

34.0  20.0 

34.0  20  O 

30.0  20.0 

JiM*  20.0 

24  ti  l‘*.o  J.o 

23.0  21. »*  S.H 

31.0  23.0  0.0 


K 

[ Clil.  14) 

K 

i Cl  l.  141 

K 

INCOU) 

K 

CHI.- 44) 

H 

INCO  ti) 

K 

INCO  (3) 

K 

INCO  (3) 

K 

INCOtJ) 

K 

INCO  S3) 

K 

INCO  13) 

H - remainder 

Nuiobctx  refer  to  irftrcnto  at  end  ol  report. 
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Table  54.  Corrosion  K »e>  amt  Types  of  Corrosion  of  .Miscellaneous  Stainlc-.x  '.reels 


20  Cb-i 
2ot.bJ 

jo  n>  3 

20  ( b 3 


l‘fiv’ir<iiiiiicm' 


l-.xpriMirc 

tdav) 


Corro.ion 

Kale 

<mpv) 

.Maximum 

Crevice 

Hit  Depth 
(mils) 

Depth'*’ 

(mils) 

Type^ 

t> 

0 

0 

NC 

0 

0 

0 

NC 

0 

o 

0 

NC 

<0.1 

0 

102 

C 

<0.1 

o 

26 

C 

0 

0 

NC 

0 

o 

0 

NC 

0 

o 

0 

NC 

il 

0 

o 

o 

1 

1 

0 

k; 

l-C 

Nt: 

< o.l 

0 

0 

NC 

<0.1 

o 

5 

C:  SL4-. 

<0.1 

14 

0 

Sl.-K:  1’ 

<0.1 

24 

0 

I* 

<0.1 

21 

C 

< O 1 

0 

0 

NC 

<0.1 

o 

o 

Nt: 

<0.1 

1 

1 

14:.  ip 

<0.1 

o 

40 

c 

CHI,  <4) 
CHI,  14) 
CHI,  (4) 
CIO.  i*4) 
CHI,  (4) 
CHI.  (4) 
CHI,  (4) 
CHI.  (4) 
CHI.  (4) 
CHI.  (4) 
CHI,  *4) 
CHI.  (4) 
CHI.  (4) 
CHI.  (4) 
CHI.  (4) 
Cl-'l.  (4) 

INCO;  3) 
INCH  (3) 
CHI.  14) 

cr.i  (4) 


Continued 


mgp:  ^2 * 


^355^^5! 

* C 


Table  $4.  Continued. 


.,  . j kspOMiiV  Depth 

hnviromnent  /,  - ... 

(day)  (it)  Kate 

<mpy>  . 


-Omission 


Maximum  , Crevice 
Pit. Depth  Depth*1  Type  - 


NimpMtt,  ati 
Ni-Cr-Mo.  c»,t 
Ni-Cr-Mo.  ea\t 

Ni<lr*AW».  cast 
Ni-Cr-Mo,  cast 
Ni-O-Mo,  cast 
Ni-Cr-Mo,  cist 

NrCr- Mo-Si.  cast 
Nl-Cr-Mis-Si.  cast 
Ni-O-Mo-Si.  cast 
■ Ni-Cr -.Mo-Si.  cast 
NiO-Mo-Si.  cast 
NH.‘r-AU>-M,  cast 
Ni-Cr-Mo -Si.  cast 

NiO  Ato-Si,  cast 

Ni-O-Mo-Si.  Cast 
NK.'r-.Mo  Si,  cast 
NiCr-Mo-5i,  cav 
Na-Cr-Mo-Ju,  cast 
Ni-Cr-Mo-Si.  cast 
NM.'r-.Mii-Jii,  cast 

Hl.-.t  J-ltK),  cast 
KI.-35-lOl).  cast 
K1.-35-118),  cast 
RI.-35-UK),  cast 
KL-35-HH).  cast 
KI.-35-10O,  s'ast 
KI.-35-IOO.  cast 
RI.-35-118).  cast 
R1.-35-U8).  cast 
RI.-35-U8).  cast 


were  embedded  in  the  Inittoni  sediments. 
Symbols  for  types  of  corrosion: 

C = Crevice  NC  * 

K a l <l|te  NU  - 

1.1  » bulled  I*  a 

* General  $!.  “ 

t * Incipient  t)  = 

^Numbers  refer  to  referenscs  at  end  of  report. 


1,064 

5,300 

107 

2,340 

15»7 

2,340 

402 

2,370 

402 

2,370 

IKt 

5 

366 

5 

123 

5,640 

123 

5,640 

403 

6,780 

403 

6,780 

751 

>,640 

751 

■ 5.640- 

1,1164 

5.300 

1,064 

5.300 

IV7 

2.340 

197 

2,340 

402 

2.370 

402 

2.370 

18! 

5 

366 

5 

123 

5.640 

123 

5,640 

403 

6.780 

403 

6.780 

751 

5.640 

751 

5.640 

1.064 

5.318) 

1.064 

5.318) 

197 

2.341} 

IV7 

2.340 

ructure: S 

“ Kxpnst 

0 

<;■ 

c 

G 

ll-KT 

irr 

G 

G 

NC 

NU-KT 


INCO<3) 
INC0(3) 
INCO  (3) 
INCU(3) 
INOOI3) 
INCO  (3) 
INCO  (3) 

INCO  (3) 
INCO(i), 
INCO  (.3) 

■ INCO  13) 
if^ipM 
INCO  (3). 
INCO(3) 
INCO<3) 
INc6(3| 
INCO  (3). 
INCO  (3): 
INCO  (3) 
INCO  (3) 
INCO  (3) 

INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  <3) ' 
INCO  (3)  : 
INCO  (3) 
INCO  (3) 
INCO  (3) 


« No  visible  corrosion 
* Nonuniform 
» Pitted 
“ Slight 
- Uniform 


Percent 


Exposure 

(day) 


Number  of 
Specimens 
Exposed 


Number 


CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 


Exposure 

l«ljy> 

IK-p:h 

(tr) 

12.4 

5.640 

405 

6.7X0 

40.t 

6.7X0 

751 

5.  MO 

75! 

5,640 

1 .064 

5.2(H) 

IV7 

2.540 

l!)7 

2.540 

402 

2.270 

402 

2.570 

IXI 

5 

5nS 

5 

! Tensile  Strength  j Vicld  .Strength 

_ Exposure  , I K-j>:h  1 f 

Alloy  l iivimnnirm  I | ' , ■ I . . 

(‘|JV'  1 *M>  °TM'  i^n.anKei  VCbn, 


Elongation 


Original 

(%> 


Clutijje 


CEI.  14) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  <4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 


SECTION* 
ALUMINUM  ALIjOYS 


-The. resistance  of  aluminum,  ami  us  alloys  to  cor- 
rosion is.  due  to  a -relatively'  chemically -ioeit  film-  of- 
aluthinum.  oxide  which  forms  on  itssurfacc.  Ashing 
as  this  oxide  film  remains  intact  the  good  corrosion 
resistance  is  preserved.  In  oxidizing  environments, 
where  a sufficient  amount  of  oxidizing  agent  or 
oxygen  is  present  to  repair  any  breaks  in  this  protec- 
tive film,  the  corrosion  resistance  of  the  aluminum 
alloys  is  maintained.  The  usual  corrosion' protection 
(passive)  film- that  forms  on  aluminum  in.- waters  at 
temperatures  below  70°C  is  baycrite 
((J-Al20r3l«20). 

In  general,  oxidizing  conditions*  favor,  the  pre- 
servation of  this  passive  film,  while  reducing  condi- 
tions destroy  it.  Chloride  ions  are  particularly 
agressive  in  destroying  this  passive  film. 

When  aluminum  is  .immersed  in  water,  the  oxide 
film  thickens  much  more  rapidly  than  it  does  in  air. 
The  rate  of  grow  th  decreases  with  time  and  reaches  a 
limiting  thickness  which  depends  on  the  temperature, 
the  oxygen  content  of  the  water,  the  ions  present, 
and  the  pll.  in  seawater  this  naturally  formed  protec- 
tive film  breaks  down  more  readily,  and  its  repair  and 
growth  arc  retarded  by  the  chloride  ion. 

The  corrosion  of  aluminum  alloys  in  seawater  is 
usually  of  the  pitting  and  crevice  types.  Hits  licgtn  by 
breakdown  of  the  protective  film  at  weak  spots  or  at 
nonhomogencuics.  The  breakdown  is  followed  by  the 
formation  of  ,.n  electrolytic  «'  the  anode  of  which 
is  a minute  area  of  active  met.  and  the  cathode  of 
which  is  a considerable  area  of  passive  metal.  The 
large  potential  difference  of  this  “passive-active”  cell 
accounts  for  the  considerable  flow  of  current  with  its 
attendant  rapid  corrosion  at  the  small  anode  (pitting). 

Hitting  is  most  likely  to  occur  in  the  presence  of 
chloride  ions  (for  example,  in  seawater),  combined 
with  such  cathodic  depolarizers  as  oxygen  or 
oxidizing  salts.  An  oxidizing  environment  is  usually 
necessary  for  preservation  of  a passive  protective  film 
with  accompanying  high  corrosion  resistance,  but. 
unfortunately,  it  is  also  a condition  for  the 
occurrence  of  pitting.  The  oxidizer  can  often  act  as  a 
dcpolanzcr  lor  “passive-active”  cells  established  by 


the  breakdown  oipavd  viiy  ata  specific poini;  or  area, 
the  chloride  ion  in  particular  can  accomplish  this 
breakdown. 

As  discussed  above,  aluminum  alloys  generally, 
corrode  inseawater  by  pitting  and  crevice  corrosionc 
therefore,  as  much  as  90  to  9S’li»  Ot  the  exposed 
surface  can.be  uncorroded.  IVith  such. tow  percentage! 
of  the  total  exposed-  area  affected,,  corrosion  rates-, 
calculated  from- weight'  losses,  as;  mils,  penetration  .peijf 
year  (mpy)  can  give  a very  'tiu^dtn^;^iictui«.  the 
nipv  impJieSian .uhitocm  decrease,  in  thic^rtfcs^.  which, 
for ; alummum  alloys  is  npt.the.  cascr 

.Another  manifestation  of  localized'  attack  in 
aluminum  alloys  is.  oxygen  cpnc?nttation  ceil 
corrosion  in  . crevices  (usually  known  as  cteviccr  cpr- 
rpsiph).  this  type  of  corrosion-  occurs-  underneath 
deposits  of  any  kind  on.the.metal  surface,  underneath 
barnacles,  and  at  - the  faying  surfaces  of.  joints.  The 
area  of  the  aluminum  alloys  which  is  shielded  from 
the  surrounding  solution  becomes  deficient  in 
oxyg'-n,  thus  creating  a difference  in  oxygen  concen- 
tration between  the  shielded  and  unshielded  areas.  An 
electrolytic  cell  is  created  with  a difference  m 
electrical- potential  being  generated  lietwccn  the  high 
and  low  oxygen  concentration  areas:  the  low  concen- 
tration area  becomes  the  anode  of  the  cell;  Corrosion 
occurs  at  the  small  anodic  area  and.  because  the 
cathodic  area  is  much  larger,  the  rate  of  at  ack  is 
considerably  greater  than  if  no  such  cell  were  present. 

There  arc  two  other  types  of  localized  corrosion 
often  found  in  aluminum  alloys:  intergranular  and 
exfoliation.  Intergranular  (mtcrcrystallinc)  attack  is 
selective  corrosion  of  grain  lioundarics  or  closely 
adjacent  regions  without  appreciable  attack  of  the 
grains  or  crystals  themselves.  Exfoliation  is  a lamellar 
form  of  corrosion,  resulting  from  a rapid  lateral 
attack  along  grain  lioundaries  or  striations  within  the 
grains  parallel  to  the  metal  surface.  This  directional 
attack  results  in  a leafing  action,  aggravated  by  the 
voluminous  corrosion  products  that  causes  the 
uncorroded  strata  to  be  split  apart. 

Low  weight  losses  ami  low  corrosion  rates 
accompany  these  manifestations  of  localized 


-corrosion.  Thus,  the  integrity  of  amaiumihunraljojr 
strucfure  wili-  ^ jeofurdricii  it  dcsigncdjvolcly  onthc 
baiis  of  corrosion  rates  calculated  from  w eight  losses 
muter  than  on- the  basis  of  measured  ikpths  of  pits 
ami  depths  of  crevice  corrosion,  fitting  and  crevice 
corrosion  can.  and  do.  penetrate  aluminum  alloys 
rapidly  in  seawater,  thus  rendering- them  useless  in 
shoit  periods  of  time; 

Therefore,  corrosion  rates  cxprcSsed.as  milspcnc- 
t ration  per  year  calculated  from  weight  losses, 
maximum  pit  depths,  maximum  depths,  of  crevice 
corrosion  and  other  type  of  corrosion  are  tabulated 
to  provide  an  overall  picture  of  the  corrosion  of  the 
aluminutn  alloys*. 

' 6:1 . toow  Mims  ALUMINUM  ALLOYS 
<W.UO%  MINIMUM  ALUMINUM) 

The  chemical  composition;;  of  the.  1000  Scries 
aluminum  alloys  arc given  in  T able  5 r,  their  corrosion 
rites  arid  type  of  corrosion  in  fable  58;  their  stress 
'.corrosion  ehavior  in  Table  59.  and  the  effect*  of 
exposure  on  their  mechanical  properties  in  Tabic  60. 

The  liMtO  Series  aluminum  alloys  contain  a mini- 
mum of  99%  aluminum  and  arc  considered  unalloyed 
aluminums. 

T he  100©  Series  aluminum  alloys  corroded  by  the 
localized  types  of  corrosion,  pitting,  and  crevice. 

6.1.1.  Duration  of  Kxposurc 

The  corrosion  rates  of  I lOO  alloy  <iccrca>cd  with 
-increasing  duration  of  exposure  at  the  surface,  in  sea- 
water at  the  2,500-fooi  depth,  and  in  the  bottom 
sediments  at  the  6,000-foot  depth,  while  the  reverse 
occurred  in  the  bottom  sediments  at  the  2,500-foot 
depth  end  in  the  seawater  at  the  6,000-fool  depth. 
There  was  no  correlation  I *c tween  the  severity  of 
crevice  corrosion  and  duration  of  exposure.  The  same 
was  true  for  the  severity  of  pitting  corrosion,  except 
at  the  surface  where  the  maximum  depth  of  pitting 
corrosion  increased  with  increasing  duration  of  expo- 
sure over  a period  of  1 year. 

The  corros.on  of  I IX©  alloy  was  comparable  to 
that  of  the  1 100  alloy. 


6.1.2.  ITfec:  of  Depth 

The.  corrosion  rates  of  1 100  alloy  increased  with 
increasing  depth  after  1 year  of  exposure.  However, 
there  were  no  correlations  between  maximum  depths 
of  pitting  and  crevice  corrosion  and  corrosion  rates. 
In  general,  pitting  and  crevice  corrosion-  were  more 
severe  at  depth  than  at  the  surface. 

1 here  was  no  definite  effect  of  depth  on  the 
corrosion  of  1000  Series  aluminum  alloys. 

6.1.1.  Lffectof  Concentration  of  Oxygen 

Changes  in  the  concentration  of  oxygen  in  sea- 
water had  no  definite  or  consistent  effect  on  the  cor- 
rosion of-  1100  aluminum -alloy.  Ini  general,  after  1 
year  of  exposure  the  corrosion  rates  and  seven ty  of 
crevice,  corrosion  were  greater  at  the  lower  oxygen 
concentrations,  while  the  severity  of  pittihg.corfosion 
was  greatest  at  the  highest  oxygen  concentration. 

6.1.4.  Stress  Corrosion 

Alloys  1100  and  1180  were  exposed  at  the 
2.5‘JO-foot  depth  for  402  days  when  stressed  at  values 
equivalent  to  50  and  75%  of  their  respective  yield 
strengths  (Table  59)  to  determine  their  susceptibili- 
ties to  stress  corrosion.  They  were  not  susceptible  to 
stress  corr.  sion  unilcr  the  conditions  of  the  test. 

6.1.5;  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties of  1 100  and  1 180  alloys  arc  given  in  T>blc  60. 
Their  mechanical  properties  were  not  iffcetcd  bv 
exposure  in  seawater  at  the  2,500-foot  depth  for  402 
tlays. 

6.2.  2000  SF.KIES  ALUMINUM  ALLOYS 
(ALUMINUM-COfVFK  ALLOYS) 

The  chemical  compositions  ot  the  2000  Series 
aluminum  alloys  are  given  in  Table  61.  their  corrosion 
rates  and  type  of  corrosion  in  Tabic  62.  their  stress 
corrosion  behavior  in  Tabic  65.  and  the  effect  of 
exposure  <>;i  thetr  mechanical  piopertics  in  Table  64. 
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The  20(H)  Series  aluminum  alloys  eontain  copper 
as  the  chief  alloying  element.  Copper  is  one  of  the 
most  important  alloying  metals  for  aluminum  because 
of  its  appreciable  solubility  and  its  strengthening 
effect. 

The  2000  Series  alloys  corroded  by  pitting, 
crevice,  intergranular,  and  exfoliation  types  of  cor- 
rosion. 


6.2.1.  Duration  of  Exposure 


6.2.2.  Effect  of  Depth 


6.2.3.  Effect  of  Concentration  of  Oxygen 


6.2.4.  Stress  Corrosion 


6.2.5.  Other  Types  of  Corrosion 


Alloys  2014-T3,  2014-T6,  2024-T3,  2024-T81, 
2219-T81,  and  2219-T87  were  attacked  by  inter- 
granular corrosion.  Alloys  2014-T3,  2024-T3, 
2024-T6,  2024-T8 1 , and  2219-181  were  attacked  by 
the  exfoliation  type  of  corrosion. 


6.2.6.  Welding 


There  was  no  definite  or  consistent  correlation 
between  corrosion  rates  and  types  of  corrosion  of  the 
2000  Series  alloys  and  duration  of  exposure. 


Welding  did  not  affect  the  corrosion  behavior  of 
aluminum  alloys  2024-T3  and  2219-T81. 


6.2.7.  Mechanical  Properties 


In  general,  corrosion  rates  were  greater,  and 
pitting,  crevice,  and  intergranular  corrosion  were 
more  severe  at  depth  than  at  the  surface  after  1 year 
of  exposure.  Thus,  seawater  at  Jepth  is  more  aggres- 
sive to  the  2000  Series  aluminum  alloys  than  is  sea- 
water at  the  surface. 


The  effects  of  exposure  on  the  mechanical  pro- 
perties of  the  2000  Series  aluminum  alloys  are  given 
in  Table  64.  The  mechanical  properties  of  the  2000 
Series  alloys  were  impaired  except  for  those  of  alloy 
Alclad  2024-T3. 


6.3.  3000  SERIES  ALUMINUM  ALLOYS 
(ALUMINUM-MANGANESE  ALLOYS) 


The  effect  of  changes  in  the  concentration  of 
oxygen  in  seawater  on  the  corrosion  behavior  of  the 
2000  Series  alloys  was  inconsistent  and  erratic  except 
for  alloy  22I9-T8I.  The  corrosion  rates,  maximum 
depths  of  pits,  and  maximum  depths  of  crevice  cor- 
rosion decreased  with  increasing  oxygen  concentra- 
tion, but  not  linearly,  after  1 year  of  exposure.  This 
behavior  of  alloy  2219-T81  shows  that  the  concen- 
tration of  oxygen  in  seawater  exerts  considerable 
influence  on  the  corrosion  of  this  alloy. 


The  chemical  compositions  of  the  3000  Series 
aluminum  alloys  are  given  in  Table  65,  their  corrosion 
rates  and  types  of  corrosion  in  Table  66,  their  stress 
corrosion  behavior  in  Table  67,  and  the  effect  of 
exposure  on  their  mechanical  properties  in  Table  68. 

The  chief  alloying  clement  of  the  3000  Scries 
aluminum  alloys  is  manganese.  Manganese  is  added  to 
aluminum  in  amounts  above  1%  to  increase  its 
strength. 

The  3000  Scries  alloys  corroded  chiefly  by  the 
crevice  and  pitting  types  of  localized  corrosion.  There 
was  also  some  blistering  of  the  Alclad  3003  alloy. 


6.3.1.  Duration  of  Exposure 


The  2000  Series  aluminum  alloys  were  exposed  at 
the  depths  and  for  the  times  shown  ir.  Table  63  when 
stressed  at  values  equivalent  to  30,  50,  or  75%  of 
their  respective  yield  strengths  to  determine  their  sus- 
ceptibilities to  stress  corrosion.  They  were  not 
susceptible  to  stress  corrosion  under  the  test  condi 
tions. 


The  corrosion  rates  of  alloys  3003  and  Alclad 
3003  neither  increased  nor  decreased  uniformly  with 
increasing  duration  of  exposure,  except  for  Alclad 
3003  at  the  2,500-foot  depth.  At  this  depth  the 
corrosion  rates  decreased  with  increasing  duration  of 
exposure.  In  general,  the  severity  of  pitting  and 
crevice  corrosion  was  greater  after  the  longer  times  of 
exposure. 
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The  corrosion  behavior  of  the  3000  Series  alloys 
was  erratic  and  unpredictable  with  regard  to  duration 
of  exposure. 

6.3.2.  Effect  of  Depth 

After  1 year  of  exposure  the  corrosion  rates  and 
maximum  depths  of  pits  increased  with  increasing 
depth,  but  not  linearly.  Alclad  3003  did  not  behave 
in  this  manner.  In  other  words,  the  corrosion 
behavior  of  alloy  3003  appears  to  be  depth  (pressure) 
dependent  in  that  it  increased  in  severity'  with 
increasing  depth. 

6.3.3.  Effect  of  Concentration  of  Oxygen 

The  corrosion  rates,  maximum  pit  depths,  and 
maximum  depths  of  crevice  corrosion  on  alloys  3003 
and  Alclad  3003  due  to  changes  in  the  concentration 
of  oxygen  in  seawater  were  erratic. 


6.4.  5000  SERIES  ALUMINUM  ALLOYS 
(ALUMINUM-MAGNESIUM  ALLOYS) 

The  chemical  compositions  of  the  5000  Scries 
aluminum  alloys  are  given  in  ‘I  able  69,  their  corrosion 
rates  and  types  of  corrosion  in  Table  70,  their  stress 
corrosion  behavior  in  Table  71,  and  the  effect  of 
exposure  on  their  mechanical  properties  in  Table  72. 

Aluminum  is  alloyed  with  magnesium  to  form  an 
important  class  of  nonheat-treatable  alloys  (5000 
Series).  Their  utility  and  importance  are  based  on 
their  resistance  to  corrosion,  high  strength  without 
heat  treatment,  and  good  weldability. 

The  5000  Scries  aluminum  alloys  corroded 
chiefly  by  the  crevice  and  pitting  types  of  localized 
corrosion.  Other  types  of  corrosion  found  were: 
blistering,  enter,  edge,  intergranular,  line,  and 
exfoliation. 

6.4.1.  Duration  of  Exposure 


6.3.4.  Stress  Corrosion 

Alloy  3003-1114  was  not  susceptible  to  stress  cor- 
rosion when  stressed  at  values  equivalent  to  50  and 
75%  of  its  yield  strength  and  exposed  at  the 
2,500-foot  depth  for  402  days  as  given  in  Table  67. 

6.3.5.  Corrosion  Products 

Corrosion  products  from  alloy  3003-1114  were 
analyzed  by  X-ray  diffraction,  spcctrographic 
analysis,  quantitative  chemical  analysis,  and  infra-red 
spectrophotometry.  The  qualitative  results  were: 
amorphous  AI2Oj  ‘Xl^O,  NaCI,  Sit),.  Al,  Na,  Si,  Mg, 
l-e.  Cu,  Ca,  Mn,  3.58%  chloride  ion,  18.77%  sulfate 
ion,  and  considerable  phosphate  ion. 

6.3.6.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties .of  alloys  3003-1114,  Alclad  3003-1112,  and 
Alclad  3003-1114  are  given  in  Table  68.  In  general, 
the  mechanical  properties  of  alloys'  3003-1114  and 
Alclad  3003-1112  were  adversely  affected  by  exposure 
at  depth. 


The  general  effect  of  duration  of  exposure  on  the 
corrosion  of  the  5000  Series  alloys  was  erratic  and 
nonuniform.  The  corrosion  rates  and  tl\e  maximum 
depths  of  pitting  or  crevice  corrosion  neither 
increased  nor  decreased  consistently  with  increasing 
duration  of  exposure;  in  many  cases,  the  behavior  was 


6.4.2.  Effect  of  Depth 

After  1 year  of  exposure  the  average  corrosion 
rates  of  all  the  5000  Series  alloys  increased  with 
depth,  but  not  linearly.  Also,  the  maximum  depths  of 
pits  of  all  the  alloys  increased  linearly  with  depth. 
The  maximum  depth  of  crevice  corrosion  of  all  the 
alloys  increased  with  depth,  but  not  consistently.  The 
corrosion  behavior  of  the  5000  Scries  aluminum 
alloys  appears  to  be  more  uniformly  affected  by 
depth  than  by  duration  of  exposure  or  changes  in  the 
concentration  of  oxygen  in  seawater. 

6.4.3.  Effect  of  Concentration  of  Oxygen 

The  corrosion  rates  of  alloy  5086-1134  increased 
linearly  with  increasing  concentration  of  oxygen  in 
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seawater,  bui  the  slope  of  the  line  was  very  small  (I 
to  25).  However,  such  relationships  were  not  found 
for  the  maximum  depths  of  pitting  and  crevice  cor- 
rosion. I lie  pit  depths  were  a maximum  at  the  highest 
oxygen  concentration,  and  the  maximum  depth  of 
crevice  corrosion  was  at  the  intermediate  oxygen  con- 
centration. 

The  corrosion  rates  of  alloy  5456*11321  decreased 
linearly  with  increasing  concentration  of  oxygen  in 
seawater,  but  the  slope  of  the  line  was  very  small  (1 
to  10).  However,  no  correlations  were  possible 
between  maximum  depth  of  pitting  and  crevice  cor- 
rosion. 

I be  corrosion  rates  and  changes  m the  maximum 
depths  of  pits  and  crevice  corrosion  of  the  other  5000 
Series  aluminum  alloys  were  erratic  and  inconsistent 
with  respect  to  changes  in  the  concentration  of 
oxygen  in  seawater.  Changes  in  the  concentration  of 
oxygen  in  seawater  did  not  exert  a constant  or  uni- 
form influence  on  the  corrosion  behavior  of  the  5000 
Series  aluminum  alloys.  I his  behavior,  like  that  of  the 
stainless  steels  and  some  nickel  alloys,  can  be 
attributed  to  the  dual  role  oxygen  can  play  with 
regard  to  alloys  which  depend  upon  passive  films  for 
their  corrosion  resistance. 

6.4.4.  Stress  Comvion 

Some  5000  Senes  aluminum  alloys  were  exposed 
at  the  depths  and  for  the  times  given  in  Table  71 
when  stressed  at  values  equivalent  to  30,  50,  or  75% 
.f  their  respective  yield  strengths  to  determine  their 
susceptibilities  to  stress  corrosion.  I hey  were  not  sus- 
ceptible to  stress  corrosion  under  the  test  conditions. 

6.4  5.  Other  Types  of  Corrosion 

Alloys  5052-1132  and  5456-1134  were  attacked  by 
the  exfoliation  type  of  corrosion.  Alloys  5083-H1 13. 
5086-1132.  and  5086-1134  were  attacked  by  inter- 
granular corrosion. 

6.4.6.  Welding 

Welding  did  not  affect  the  corrosion  behavior  of 
alloys  5083-111  13.  50864134,  and  5454-1132. 


6.4.7.  Corrosion  Products 

Corrosion  products  from  alloy  5086  were 
analyzed  by  X-ray  diffraction,  spectrographic 
analysis,  quantitative  chemical  analysis,  and  infra-red 
spectrophotometry.  The  qualitative  results  were: 
amorphous  A^Oj'XHjO,  NaCI,  Si02,  Al,  Na,  Mg, 
Cu.  I;e,  Si,  Ti,  5.8%  chloride  ion,  26.2%  sulfate  ion, 
and  considerable  phosphate  ion. 

6.4.8.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties of  the  5000  Series  aluminum  alloys  arc  given 
in  Cable  72.  The  mechanical  properties  of  the  follow- 
ing alloys  were  adversely  affected  by  exposure: 
5456-11321  after  123  days  of  exposure  at  the 

6.000- foot  depth;  5052-H32,  5083-111 13,  and 
54  56-1134  alter  403  days  of  exposure  at  the 

6. 000- foot  depth,  and  5456-H321  and  5456-H34 
after  751  days  of  exposure  at  the  6,000-foot  depth. 
The  mcclianic.il  properties  of  the  above  alloys  after 
exposures  for  different  times  at  different  depths  and 
of  the  other  alloys  were  not  adversely  affected  by 
exposure  at  depth  in  the  seawater. 


6.5.  6000  SERIES  ALUMINUM  ALLOYS 
(ALUMINUM-MAGNESIUM-SILICON  ALLOYS) 

The  chemical  compositions  of  the  6000  Scries 
aluminum  alloys  are  given  in  I able  73,  their  corrosion 
rates  and  types  of  corrosion  in  Table  74,  their  stress 
corrosion  behavior  in  'I  able  75,  and  the  effects  of 
exposure  on  their  mechanical  properties  in  Table  76. 

The  aluniinum-magnesium-silicon  system  is  the 
basis  for  a major  class  of  heat-treatable  aluminum- 
base  alloys.  They  combine  many  desirable  characteris- 
tics, including  moderately  high  strength  and  good 
resistance  to  corrosion. 

'I  here  was  only  one  6000  Series  alloy  (606 1 ) in 
this  program.  Alloy  6061  corroded  chiefly  by  the 
crevice  ami  pitting  types  of  localized  corrosion.  Also, 
there  was  sonic  intergranular  corrosion. 

6.5.1.  Duration  of  Exposure 

The  corrosion  rates  of  6061  at  the  surface  3nd  at 
the  6.000-foot  depth  decreased  with  duration  of 
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exposure,  but  not  uniformly,  while  those  at  the 
2,500-foot  depth  increased  with  duration  of  expo- 
sure. However,  the  maximum  depths  of  pitting  and 
crevice  corrosion  increased  with  increasing  duration 
of  exposure  at  the  surface  and  at  depths  of  2,500  and 
6,000  feet. 

6.5.2.  Effect  of  Depth 

Although  the  corrosion  rates  and  the  maximum 
depths  of  pitting  and  crevice  corrosion  were  greater  at 
depth  than  at  the  surface,  these  increases  did  not 
increase  uniformly  with  increasing  depth.  Depth 
exerted  no  uniform  influence  on  the  corrosion 
behavior  of  alloy  6061. 

6.5.3.  Effect  of  Concentration  of  Oxygen 

The  corrosion  rates  and  maximum  depths  of 
pitting  and  crevice  corrosion  decreased  with 
increasing  concentration  of  oxygen  in  seawater.  The 
maximum  depths  of  crevice  corrosion  decreased 
linearly  with  increasing  oxygen  concentration.  The 
corrosion  rates  and  maximum  depths  of  pitting 
decreased  constantly,  but  not  uniformly,  with  depth. 

6.5.4.  Stress  Corrosion 

Alloy  606 1-16  was  exposed  at  the  depths  and  for 
the  times  given  in  Table  75  when  stressed  at  values 
equivalent  to  30  and  75%  of  its  yield  strength  ro 
determine  its  susceptibility  to  stress  corrosion.  Alloy 
6061-T6  was  not  susceptible  to  stress  corrosion  under 
the  test  conditions. 

6.5.5.  Welding 

'I  he  corrosion  of  alloy  6061-1 6 was  adversely 
affected  by  welding.  Alloy  6061  was  attacked  by 
intergranular  corrosion  in  the  “as-welded”  condition. 

6.5.6.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties of  alloy  6061 -T6  arc  given  in  Table  76.  The 
mccharical  properties  of  6061-T6  were  adversely 
affected  by  exposure  in  seawater.  Those  specimens 
which  had  been  welded  and  which  had  liccn  attacked 
by  intergranular  corrosion  were  the  most  seriously 
affected. 


6.6.  7000  SERIES  ALUMINUM  ALLO\  S 
(ALUMINUM-ZINC-MAGNESIUM  ALLOYS) 

The  chemical  compositions  of  the  7000  Series 
aluminum  alloys  are  given  in  "Table  77,  their  corrosion 
rates  and  types  of  corrosion  in  Table  78,  their  stress 
corrosion  bchavio-  in  Table  79,  and  the  effect  of 
exposure  on  their  mechanical  properti'-:  in  "Table  80. 

Combinations  of  zinc  and  magnesium  in 
aluminum  provide  a class  of  heat-treatable  alloys, 
some  of  which  develop  the  highest  strengths  presently 
known  for  commercial  aluminum-base  alloys.  The 
addition  of  copper  to  the  aluininum-zinc-magnesium 
system,  together  with  small  but  important  amounts 
of  chromium  and  manganese,  results  in  the  highest 
strength,  heat-treatable,  aluminum-base  alloys 
commercially  available. 

'The  7000  Series  alloys  were  attacked  by  crevice, 
edge,  exfoliation,  intergranular,  and  pitting  types  of 
corrosion.  Corrosion  of  the  Alclad  alloys  was  by 
shallow  pitting  and  crevice  corrosion,  slight  blistering, 
and  general  corrosion. 

Because  of  the  erratic  behavior  of  the  7000  Scries 
aluminum  alloys  during  exposure  in  seawater  at 
depth,  it  was  impossible  to  find  any  correlation 
between  their  corrosion  behavior  and  duration  of 
exposure,  effect  of  depth,  or  the  effect  of  changes  in 
the  concentration  of  oxygen  in  seawater. 

A practical  case  of  unusual  corrosion  on  an 
aluminum  alloy  was  encountered  with  the  Alclad 
7178-T6  aluminum  alloy  buoys  used  in  the  installa- 
tion of  the  STU  structures.  During  the  retrieval  of 
S'TU  i-3  after  123  days  of  exposure,  the  buoy,  which 
was  300  feet  below  the  surface,  was  found  to  be 
corroded.  White  corrosion  products  on  the  bottom 
hemisphere  covered  areas  where  the  cladding  alloy 
had  corroded  through  to  the  core  materia).  The  top 
hemisphere  was  blistered,  the  blisters  being  as  large  as 
2 inches  in  diameter  and  0.75  inch  high  with  a hole  in 
the  top  of  each  blister.  The  hole  in  the  top  of  the 
blister  indicates  the  origin  of  the  failure:  originally  a 
pinhole  in  the  cladding  alioy  existed  where  seawater 
gained  access  to  the  interface  between  the  cladding 
alloy  and  the  core  alloy.  When  this  blister  was 
sectioned  to  inspect  the  corrosion  underneath,  it  was 
found  to  be  filled  with  white  crystalline  aluminum 
oxide  corrosion  products.  It  appeared  that  seawater 
penetrated  the  cladding  alloy  at  a defect,  or  a pit  was 
initiated  at  a particle  of  a cathodic  metal  (probably 
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iron),  ami  the  corrosion  was  then  concentrated  at  the 
mtctfacc  bef'-ecu  the  two  alloys  (cladding  alloy  and 
core  alloy).  T'ic  thickness  of  the  remaining  Alclad 
layer  indicated  that  it  had  not  been  sacrificed  to 
protect  the  core  alloy  as  was  its  intended  function. 
On  the  other  hand,  the  selective  corrosion  of  the 
Alclad  layer  on  the  hot  tom  hemisphere  and  the 
uncorroded  core  material  showed  that,  in  this  case, 
the  cladding  alloy  was  being  sacrificed  to  protect  the 
cote  material  as  intended. 

When  an  attempt  was  made  to  repair  these  buoys 
for  reuse  by  grinding  off  all  traces  of  corrosion  prior 
to  painting,  it  was  found  that  the  corrosion  had  pene- 
trated along  the  interface  between  the  cladding  alloy 
and  the  core  alloy  for  considerable  distances  from  the 
edges  of  the  blisters  and  the  edges  of  the  holes  where 
the  cladding  alloy  layer  had  been  sacrificed.  Polished 
transverse  sections  taken  from  the  buoy  through 
these  corroded  areas  corioborated  the  indications 
found  from  gimding  operations.  Metallurgical 
examinations  showed  that  the  corroded  paths  were, 
in  fact,  entirely  in  the  cladding  alloy,  with  a thin 
diffusion  layer  of  material  Ik. tween  the  corrosion 
path  and  the  core  material. 

Blistering  of  Alclad  aluminum  alloys  such  as 
encountered  with  these  Alclad  7178-T6  spheres  was 
very  unusual.  Blistering  due  to  corrosion  and  the 
rapid  rate  of  sacrifice  of  Alclad  layers  had  not  been 
encountered  previously  by  the  author  and  other 
investigators  in  surface  seawater  applications.  Because 
of  this  unique  blistering  one  of  the  spheres  was  sent 
to  the  Research  Laboratories  of  the  Aluminum  Com- 
pany of  America  where  an  investigation  was  made  to 
determine  the  mechanism  of  this  behavior. 

Wei  1 151  showed  that  there  was  preferential 
diffusion  of  zinc  over  copper  from  the  core  alloy  into 
this  interfacial  zone.  The  high  zinc  and  low  copper 
contents  of  this  intcrfacial  zone  rendered  it  anodic  to 
both  the  cladding  and  core  alloys.  Selective  attack 
was  inevitable  once  corrosion  reached  this  anodic 
diffusion  zone. 

That  this  type  of  blistering  has  Ixrcn  encountered 
on  buoys  at  depths  from  3(H)  to  6.8(H)  feet 
emphasizes  the  fact  that  there  is  some  factor  present 
which  either  is  more  influential  at  depth  or  is  not 
present  at  the  surface.  The  fact  that  this  thin  anodic 
/.one  is  probably  present  in  all  Alclad  7I78-T6  pro- 
ducts and,  as  such,  is  not  blistered  during  surface 


seawater  exposures  indicates  that  the  seawater 
environments  at  depths  of  300  feet  and  greater  differ 
front  the  seawater  environments  at  the  surface,  at 
least  with  respect  to  the  corrosion  behavior  of  this 
alloy. 

6.6.1.  Stress  Corrosion 

The  7000  Series  aluminum  alloys  were  exposed  at 
the  depths  and  for  the  times  given  in  Tabic  79  when 
stressed  at  values  equivalent  to  30,  50,  and  75%  of 
their  respective  yield  strengths  to  determine  their  sus- 
ceptibilities to  stress  corrosion.  Alloys  7075  ’6, 
7079-T6.  Alclad  7079- 16.  and  7J78-T6,  failed  by- 
stress  corrosion  cracking. 

6.6.2.  Corrosion  Products 

Corrosion  products  from  alloy  7079-T6  were 
analyzed  by  X-ray  diffraction,  speciographic  analysis, 
quantitative  chemical  analysis,  and  infra-red  spectro- 
photometry. The  qualitative  results  were:  amor- 
phorous  AIjOj^XIIjO,  NaCl,  Al  metal,  Al,  Cu,  Mg, 
Mn,  n,  N'j,  Ca,  traces  of  Ti  and  Ni,  2.82%  chloride 
ion,  16.7%  sulfate  ion.  and  considerable  phosphate- 
ion. 

6.6.3.  Mechanical  Properties 

The  effects  of  exposure  on  the  mechanical  pro- 
perties of  the  7000  Series  aluminum  alloys  are  given 
in  'I  able  80.  The  mechanical  properties  of  alloys 
7002-T6,  7039-T6,  7075-T6,  7075-T64,  7075-173, 
7079-T6,  and  7178-T6  were  adversely  affected. 
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Tabic  57.  Chemical  (Composition  of  1000  Series  Aluminum  Alloys,  Percent  by  Weight 


Alloy 

Cage 

(in.) 

Si 

IV 

Cu 

Mil 

7.  n 

Al** 

1 100 

— 

- 

— 

— 

— 

99.0 

1 100-0 

- 

b 

b 

0.14 

0.03 

- 

K 

1100-1114 

0.050 

0.14 

0.55 

0.14 

- 

0.06 

K 

1180 

0.050 

0.06 

0.08 

0.002 

0.002 

— 

K 

■'K  = remainder. 
''Si  + Ic  = 0.57 


Table  58.  Corrosion  Kates  and  Types  of  Corrosion  of  1000  Series  Aluminum  Alloys 


Alloy 

Environment*1 

Exposure 

(day) 

Depth 

(ft) 

Corrosion 

Source4" 

Kate 

(mpy) 

— 
Maximum 
Pit  Depth 
(mils) 

Crevice 

Depth'' 

(mils) 

Type'' 

1 100-11 14 

w 

123 

5.640 

2.0 

39 

0 

I* 

INCO  (3) 

11001114 

s 

125 

5.640 

3.1 

41 

0 

1* 

INCO  (3) 

11004114 

w 

403 

6.7*0 

4.2 

0 

62 

C (PR) 

INCO  (3) 

1 100-1114 

s 

403 

6.7X0 

1.3 

62 

62 

C (PR):  P (PR) 

INCO  (3) 

IHNMI14 

w 

751 

5.640 

4.5 

0 

62 

C (PR) 

INCO  (3) 

1 1001114 

s 

751 

5.640 

2.0 

0 

62 

COMO 

INCO  (3) 

1 100-1114 

w 

1.064 

5.300 

3.0 

0 

62 

C (PR) 

INCO  (3) 

1 100-1)14 

w 

I .064 

5.300 

1.* 

S-l* 

S-C 

S-C.S-P 

OKI.  (4) 

1 10(411 14 

s 

1.064 

5.. 6*1 

1.0 

0 

62 

COMO 

INCO  (3) 

1 HKMII4 

w 

197 

2.3  to 

5.6 

0 

62 

C (PR) 

INCO  (3) 

i i'M>-ni4 

w 

197 

2.340 

<0.1 

23 

0 

EiP 

KEY  (14) 

1 100-MI  4 

s 

197 

2,340 

<0.1 

1 

1 

l-Cil-P 

INCO  (3) 

1 1001114 

w 

402 

2.340 

1.6 

0 

62 

C (PR) 

INCO  13) 

1 1 001114 

w 

402 

2.370 

0.9 

1 

50 

COMO-.I-P 

CEJ.  (4) 

I HKMM4 

s 

402 

2.370 

0.5 

26 

26 

C:  P 

INCO  (3) 

1 1004114 

S 

402 

2.370 

0.5 

1 

50 

C (PK):  I P 

CEI.  (4) 

1 1 00-1114 

vv 

1*1 

5 

1.4 

0 

s 

S-C 

INCO  (3) 

1 100-1114 

w 

366 

5 

0.6 

13 

13 

C;P 

INCO  (3) 

1 180-1114 

w 

402 

2.370 

1.0 

1 

50 

C (PK):  I P 

CEI.  (4) 

1 1*0 

W 

402 

2.370 

<0.1 

41 

0 

P.S-P 

REV  (14) 

1 1 KOIll  4 

s 



402 

2.370 

0.8 

1 

50 

C (PK):  l-P 

CEI.  (4) 

1 W * I otally  exposed  in  v?jwj(vr  on  sides  of  structure;  S * Exposed  in  base  of  structure  so  that  the  timer  portions  of 
the  specimen  were  embedded  in  the  bottom  sediments. 

^Symbols  for  types  of  corrosion 

» Ocviic  I*  » Pitting 

K * Edge  PK  v Perforated 

I e Incipient  S - Sever*: 

^Numbers  refer  to  references  at  end  of  report. 
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Cable  59.  Stress  Corrosion  of  1000  Series  Aluminum  Alloys 


1 100*1114 
1 100H14 


Percent 

Yield 

Strength 


Exposure 

(day) 


Number  of 
Specimens 
Exposed 

Number 

Failed 

Source*1 

3 

0 

CEL  (4) 

3 

0 

CEL  (4) 

3 

0 

CEL  (4) 

3 



0 

CEL  (4) 

Numbers  refer  to  references  at  end  of  'eport. 


Table  60.  Chances  in  Mechanical  Properties  of  1000  Series  Aluminum  Alloys  Due  to  Corrosion 


Exposure  Depth 
Allov  ’ . / 

• (day)  (ft) 

Tensile  Strength 

Original 

(ksi) 

°o  Change 

1 too  1114  402  2.370 

1180  402  2.370 

19 

15 

-2 
♦ 1 

Yield  Strength 


Elongation 


• 14  Oil.  (4) 

♦ 1 Oil.  (4) 


Numbers  refer  <o  references  Jf  end  of  report. 


Table  61 . Chemical  Composition  »f  2000  Series  Aluminum  Alloys.  Percent  by  Weight 


I 

Pe  C .11  ,Mn  Mg  I fr 


2014*  le 
201 4-1  r. 

20.4  16 

2024 

2024-13- 181 
Alelad  2024-12 


0.050  0.91 

0 84 


4.43  O.KO  0.66 

4.3  0.6  1.5 


2219-181  o.o6f  0.20  0.30  6.3  o.3o  •-.0.02 

2219-1X1  0.05  0.15  4.(81  OKI  0.05 


221 V- 1 87  I 0.040 


It  - remainder. 
Vo  anal-sis  gnen 


6.3  0.30 


Zn 

ii 

Oilier 

0.03 

. 

o.ox 

0.02 

- 

0.06 

o.Ol 

O.JO 

0.06 

0.10  V 
t!  1 7 Zr 

<*.05 

0.05 

0.03 

0.02 

0.10  V 
0.15  Zr 

0.06 

Table  62.  Corrosion  Kales  and  Types  of  Corrosion  of  2000  Series  Aluminum  Alloys 


Table  62.  Continual. 
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the  bottom  M*tlimcnt«. 


ruble  62.  Continued. 


V* ’ niyX-Vt «-'o-.V(V ^ 


Numbers  refer  to  references  at  cmi  of  report. 

Tim  severely  corrode;!  to  machine  into  tensile  specimens. 
Welded,  2?!9  electrode,  TIG  process. 

Transverse  proper! ies. 


Table  66.  Corrosion  Rates  and  Types  of  Corrosion  of  3000  Series  Aluminum  Alloys 


Alloy 

environment1* 

Exposure 

(day) 

Corrosion 

Sourccc 

Depth 

(ft) 

Kate 

(tnpy) 

Maximuni 
Pit  Depth* 
(mils) 

Crevice 

Depth** 

(mils) 

Type* 

3003-1114 

W 

123 

5,640 

0.5 

27 

32 

C;  1* 

CEL  (4) 

3003 

W 

123 

5,640 

0.6 

0 

28 

C 

INCO  (3) 

3003-1114 

S 

123 

5,640 

1.9 

55 

68 

C;K:P 

CEL  (4) 

3003 

S 

123 

5,640 

3.6 

0 

50 

C (PR) 

INCO  (3) 

3003-1114 

W 

403 

6,780 

3.9 

125 

66 

SC;  P (PR) 

CEL  (4) 

3003 

W 

403 

6,780 

3.8 

0 

50 

C (PR) 

INCO  (3) 

3003-1114 

S 

403 

6,780 

3.7 

125 

52 

SC:  1*  (PR) 

CEL  (4) 

3003 

S 

403 

6,780 

1.3 

0 

50 

C (PR) 

INCO  (3) 

3003-1114 

w 

751 

5,640 

2.3 

125 

125 

C (PR):  P (PR) 

CEL  (4) 

3003 

w 

751 

5,640 

3.0 

0 

40 

C (PR) 

INCO  (3) 

2003-1114 

s 

75! 

5,640 

2.5 

125 

125 

C (PR):  P (PR) 

CEL  (4) 

3003 

s 

7S1 

5,640 

1.8 

0 

40 

C(I'R) 

INCO  (3) 

3003-1114 

w 

1 .064 

5.300 

2.0 

125 

125 

C (PR):  S-E;  P (PR) 

CEL  (4) 

3003 

w 

1,064 

5,300 

2.8 

- 

d 

INCO  (3) 

3003-1114 

s 

1 .064 

5,300 

1.9 

125 

0 

KX-E:  P (PR) 

CEL  (4) 

3003 

s 

1,064 

5,300 

1.0 

0 

50 

C (PR) 

INCO  (3) 

3003-1114 

w 

197 

2.340 

<0.1 

17 

0 

lit  l> 

KEY  (14) 

3003-1114 

w 

197 

2.340 

2.4 

48 

28 

C:  S-E;  P 

CEL  (4) 

3003 

vv 

197 

2.340 

1.4 

0 

40 

C (PR) 

INCO  (3) 

3003-1114 

s 

197 

2,340 

1.6 

55 

25 

Ct  K:  S-P 

CEL  (4) 

300a 

s 

197 

2,340 

<0.1 

1 

1 

1C:  IP 

INCO  (3) 

3003-111 4 

w 

102 

2,370 

1.4 

91 

93 

SC:  S-li:  D P 

CEL  (4) 

3003 

w 

402 

2,370 

1.1 

0 

40 

C (PR) 

INCO  (3) 

3003-1114 

s 

402 

2,370 

1.7 

115 

70 

SC;  D P 

CEL  (4) 

3003 

s 

402 

2,370 

0.5 

0 

50 

C (PR) 

INCO  (3) 

3003-1114 

w 

181 

5 

1.1 

33 

0 

lit  P 

CEL  (4) 

3003 

w 

181 

5 

1.0 

1 

0 

l-P 

INCO  (3) 

3003 

w 

366 

5 

0.6 

1 

0 

IP 

INCO  (3) 

3003-1114 

w 

398 

5 

1.0 

21 

0 

P 

CEL  (4) 

3003-1114 

w 

540 

5 

0.3 

34 

75 

C:P 

CEL  (4) 

3003-1114 

w 

588 

5 

2.0 

65 

0 

P 

CEL  (4) 

Alclad  3003-1114 

w 

123 

5.640 

- 

| 

0 

l-P 

NADC  (7) 

Alclad  3003-1112 

w 

123 

5,640 

0.2 

18 

15 

11:  C:  SL-K;  P*" 

CEL  (4) 

Alclad  3003 

w 

123 

5,640 

2.7 

0 

0 

c; 

INCO  (3) 

Alclad  3003-1112 

s 

123 

5,640 

2.8 

20 

0 

B:  C:  Sl.-li*’ 

CEL  (4) 

Alclad  3003 

s 

123 

5,640 

2.6 

0 

0 

G 

INCO  (3) 

Alclad  3003-1112 

w 

403 

6,780 

0.4 

13 

14 

C:  SI  .-lit  P 

CEL  (4) 

Alclad  3003 

w 

403 

6.780 

2.5 

0 

0 

G 

INCO  (3) 

Alclad  3003-1112 

.*» 

403 

6,780 

0.2 

14 

13 

C;  St.-li:  P 

CEL  (4) 

Alclad  3003 

s 

403 

6.780 

0.4 

0 

0 

f 

INCO  (3) 

Alclad  3003-1114 

w 

751 

5.640 

0 

0 

Sl.-G 

NADC  (7) 

Alclad  3003-1112 

w 

751 

5,640 

0.3 

13 

13 

C:  li:  P 

CEL  (4) 

Alclad  3003 

w 

751 

5,640 

1.4 

0 

0 

G 

INCO  (3) 

Alclad  3003-1112 

s 

751 

5,640 

2.4 

14 

14 

C;  E:  P'- 

CEL  (4) 

Alclad  3003 

s 

751 

5,640 

1.5 

0 

0 

U 

INCO  (3) 

Alclad  3003-111 2 

w 

1 .064 

5,300 

0.5 

20 

13 

C:l* 

CEL  (4) 

Alclad  3003 

w 

1 ,064 

5.300 

1.5 

0 

0 

11 

INCO  (3) 

Continued 


Corrosion 


Alloy 

Environment" 

Exposure 

(day) 

Depth 

(ft) 

— 

Kiite 

(mpy) 

Maximum 
Pit  Depth* 
(mils) 

Crevice 

Depth* 

(mils) 

Type* 

..  c 

Source 

Alclad  3004-111 2 

S 

1 .064 

5.300 

0.8 

16 

13 

C;  l‘* 

CEI.  (4) 

Alclad  3003 

s 

1 .064 

5.300 

0 (, 

, « 

0 

U 

INCO  (3) 

Alclad  3003-1112 

W 

197 

2,340 

2.2 

..  15 

13 

C:P' 

Cl!l.  (4) 

Alclad  3003 

W 

197 

2.340 

2.3 

0 

0 

(1 

INCO  (3) 

Alclad  3003-1112 

s 

197 

2,340 

1.1 

14 

13 

C:l*' 

CEI.  (4) 

Alclad  3003 

s 

197 

2,340 

<0.1 

2 

2 

C:  1' 

INCO  (3) 

Alclad  3003-1112 

w 

402 

2.370 

2.2 

14 

15 

C;|d 

CEI.  (4) 

Alclad  3003 

w 

-»02 

2.370 

1.6 

0 

0 

It 

C:  I*' 

INCO  (3) 

Alclad  3003-1112 

s 

4t>2 

2.370 

1.8 

13 

14 

CEI.  (4) 

Alclad  3003 

s 

402 

2,370- 

0.4 

0 

0 

in 

INCO  (3) 

Alclad  3003-1112 

w 

181 

5 

1.0 

1 

0 

l-l* 

CEI.  (4) 

Alclad  3003 

w 

1 K 1 

5 

1.0 

2 

0 

N-P 

INCO  (3) 

Alclad  3003 

w 

366 

5 

0.5 

2 

N-l> 

INCO  (3) 

Alclad  3003-1112 

w 

398 

5 

1.1 

16 

0 

l> 

CEI.  (4) 

Alclad  3003-1112 

w 

540 

5 

0.3 

16 

0 

1* 

CEL  (4) 

Alclad  3003-1112 

w 

— 

5KK 



5 

1.8 

17 

0 

I* 

CEL  (4) 

‘’"V  = Totally  exposed  in  sewater  oil  sides  of  structure.  S “ Exposed  in  lusc  of  si.  ••••tore  so  that  the  lower  portions  of  the 
specimens  were  embedded  in  the  bottom  sediments. 

^Symbols  for  types  of  corrosion: 


11 

* Blisters 

N 

* Numerous 

C 

- Crevice 

1* 

- Pitting 

D 

- Deep 

Pit 

= Perforated 

E 

= Edge 

S 

= Severe 

EX 

= Extensive 

SI. 

= Slight 

G 

=■  General 

u 

= Uniform 

1 

= Incipient 

4 Numbers  refer  to  references  at  end  of  report. 

1 About  40%  of  specimen  missing. 

' l.argc  area  of  cladding  gone. 
f 

' Nnmimform  cladding  loss. 

'Nonuniforin  cladding  loss,  18%  gone,  one  area  7 sij.  in. 

* Nontimform  cladding  loss,  I 3%  gone,  one  area  5 sc|.  in. 

'()ne  7-s(|  -in.  area  of  cladding  gone  from  portion  in  watet.  cladding  gone  or  2-in.-liigb  strip  across  bottom  portion  in 
bottom  sediment. 

^20%  cladding  gone  and  incipient  pitting  in  denuded  area. 

*7.0"..  of  cladding  gone. 

of  cladding  gone,  incipient  pitting  in  denuded  area,  cladding  gone  on  2-in.-!ugh  strip  across  bottom  portion  embedded 
in  bottom  sediment. 

m2fl"..  of  cladding  gone. 


m 


t, 

f 


Stress 

(ksi) 

Percent 

Alloy 

Yield 

Strength 

3003-1114 

6 

50 

3003-1114 

9 

75 

Exposure 

(dav) 


Numbei  o: 
Specimens 
Exposed 

Number 

Failed 

Source11 

3 

0 

CEL  (4) 

3 

0 

CEL  (4) 

■’Numbers  refer  to  references  at  end  of  report. 


‘Cable  68.  Changes  in  Mechanical  Properties  of  3000  Scries  Aluminum  Alloys  Due  to  Corrosion 


Composition  of  5000  Series  Aluminum  Alloys,  Percent  by  Weight 
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Tabic  71 . Stress  Corrosion  of  5000  Series  Aluminum  Alloys 
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t able  72.  Changes  in  Mechanical  Properties  of  5000  Scries  Aluminum  Alloys  Due  to  Corrosion 


Alloy 

Exposure 

(day) 

50501134 

402 

5052  1132 

403 

5052-1132 

147 

5052-1132 

402 

5052-1134 

123 

5052-1134 

751 

5052-1134 

402 

5083-11113* 

123 

5083-11113 

403 

5083-111 1 3* 

403 

5083-111 1 3* 

751 

5083-11113 

147 

5083-11113*' 

147 

5083-11113 

402 

5083-11113*' 

402 

5083-11113 

181 

5083-11!  13* 

181 

5086-1)32 

402 

5086-1132 

181 

5086II34J* 

123 

5086-1134 

123 

5086-1134 

403 

5086-1134 

751 

5086-1134 

1.064 

5086-1134 

147 

5086-1134 

402 

5086-1134 

181 

508611112^ 

181 

5454-1132*' 

123 

5454-1132 

403 

5454-1132*’ 

403 

5454-1132*' 

751 

5454-1132 

147 

5454-1132* 

147 

5454-1132 

402 

5454-1132 

402 

5456 

402 

5456-11321 

123 

5456-11321 

403 

5456  11321 

751 

545611321 

1.064 

5456  11321 

147 

545611321 

402 

5456-11321 

181 

Tensile  Strength 

Depth  

(ft)  Original 
(ksi) 


Yield  Strength 


Elongation 


% Change 


Original 

(Lsi) 


% Change 


Original 

(fo) 


% Change 


CIO.  (4) 


CIO.  (4) 
CIO. (4) 
CIO.  (4) 
CIO.  (4) 
CTO. (4) 
CIO.  (4) 
CHI.  (4) 
CIO.  (4) 
CIO. (4) 
CEL  (4) 

CIO.  (4) 
CIO.  (4) 


CIO. (4) 

COil.  (4) 
c*::.  (4) 
CIO. (4) 
CEI.  (4) 
CIO.  (4) 
CIO. (4) 
CIO. (4) 
(00.(4) 


CIO. (4) 
CIO. (4) 
CIO. (4) 
CEI.  (4) 
CIO. (4) 
CIO. (4) 
CEI.  (4) 
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Corrosion  of  6000  Series  Aluminum 
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Table  74.  Continued. 
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Tabic  75.  Stress  Corrosion  of  6000  Series  Aluminum  Allovs 


Alloy 

Stress 

(ksi) 

Percent 

Yield 

Strength 

Kxposure 

(day! 

6061-T6 

12 

30 

mm 

6061-T6 

30 

75 

6061-T6 

12 

30 

197 

6061-T6 

30 

75 

197 

6061-T6 

12 

30 

402 

6061-T6 

30 

75 

402 

Number  of 
Specimens 
Kxposed 


Number 

Failed 


Source 


NADC  (7) 
NADC  (7) 
NADC  (7) 
NADC  (7) 
NADC  (7) 
NADC  (7) 


Numbers  refer  to  references  at  end  of  report. 


Table  76.  Changes  in  Mechanical  Properties  of  6000  Series  Aluminum  Allovs  Due  to  Corrosion 


'I ensile  Strength  Yiehl  Strength  Klimgalion 

K\  (insure  Depth  ,, 

' (day)  (tt)  Original  Original  Original  .wd>._ 

,k;;  " Change  * “-Change  * V,.  Change 


6061-16 

6i)fit-ir/’ 

606l-T6/,,f 


6061  - I 6 
6061  -16 
6061 -T6 
6061-16 
606 1- 16 
6061-16 
6061 -T6 


Numbers  reter  to  rchvettct  . .it  cm)  nt  report. 

'I rattsverse  butt  weld.  6061  electrode,  I! Cl  process. 

'transverse  welds  excessively  corroded:  not  possible  to  obtain  tensile  specimens. 


, « jJj  -jMiBL  d t 


I able  7S.  Ointinucil 


Table  7*>  Stress  Corrosion  of  7000  Scries  Miiinimmi  Alloys 


Allot 

.Km) 

IVfn-ni 

Vh-IiI 

Mri-n^tli 

(iljy) 

IK-plI) 

tfll 

N'umhci  ol 
Specimen* 
IvvpiKeO 

Number 

bulk's! 

Source*1 

7002  To 

IK 

' 30 

403 

0.780 

3 

O 

NAlx:  (7) 

7002  10 

45 

75 

403 

6.784) 

3 

O 

NAlx:  (7) 

7002-1  o 

IK 

30 

402 

2.370 

5 

O 

NAIx:<7> 

700’- 1 o 

30 

50 

402 

2.370 

3 

0 

Oil  14) 

7lHi’-lo 

45 

75 

402 

2.370 

5 

o 

NAlx:  (7) 

700’- Id 

45 

75 

402 

2.570 

3 

41 

Clil.  14) 

,\k Kill  7002-10 

IK 

3o 

403 

0.780 

y 

o 

NAIX-  (7) 

Aiilj.l  7002-Td 

45 

75 

403 

6.7KO 

5 

O 

NAlx)  17) 

AUj<I  7imi’-  | b 

IK 

5o 

402 

2.37o 

3 

O 

NAIX  17) 

Alil.ul  7DO.Mo 

Js> 

50 

402 

2.37o 

3 

0 

CM.  (4) 

AUIj.I  7* Ml 2-1  o 

45 

75 

402 

2.5741 

.4 

" 

NAIX.-  <7) 

AUl.i.l  7«M)2- 1 b 

43 

75 

402 

2.570 

3 

» 

Clil,  (4 

7075  h> 

,, 

30 

405 

0.7X0 

3 

I 

NAlx:  17) 

7075-T6 

55 

75 

403 

6.7KII 

5 

b 

NAlx:  (7) 

7075 -lo 

* » 

50 

l*»7 

2.540 

i 

o 

NAlx:  (7) 

7075  Id 

>5 

75 

JV7 

2.340 

5 

’ 

NAlx:  (7) 

7075*  1 fi 

>■> 

50 

(02 

2.37o 

3 

o 

NAIX  (7) 

7075-16 

55 

102 

2.570 

i 

2 

NAIX-  (7) 

7075  loA4 

1-’ 

50 

403 

f*  7X4 1 

3 

/- 

NAIX’  (7) 

7o75  1 oA* 

to 

75 

403 

d 7S0 

5 

b 

NAIX-  (7) 

7075  It, A* 

12 

hi 

I*i7 

2.540 

! 

41 

NAIX  (7) 

7075  I6A* 

1 ;o 

75 

!*>7 

2 544) 

5 

O 

NAIX  I7> 

74)7  5*1  (»A* 

i 12 

5o 

to’ 

2.3*0 

5 

4) 

j NAIX  17) 

7075  loV 

; 3o 

75 

40’ 

.’  57o 

; 

O 

! NAIX  (7) 

70-5  17! 

: ’» 

3o 

405 

#».7Ko 

41 

j NAIX"  l7> 

7075-17.! 

i 51 

7S 

403 

1 o.7Ko 

5 

O 

i NAIX- 17) 

7075*1  "3 

! 24 

ill 

l‘»7 

, 2.540 

5 

0 

! NAIX.  17) 

7075  1 7 1 

! 51 

”5 

I*i7 

2.544) 

5 

O 

• NAIX- 17) 

7075  • 75 

; .’1 

5o 

402 

! 2.4>o 

5 

0 

NAIX  1 7 1 

7075  17.1 

; 51 

75 

i »«•» 

2.574) 

4 

41 

, NAIX  17> 

7070*  ifi 

• 34 

5«» 

4<>2 

2.570 

5 

» 

( 1 1 .4) 

7o7o  1 •> 

1 *■ 

/ r- 

: t.*2 
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4 
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1 402 
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! 

♦ 1 
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| 2.570 
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> 
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as 


lablc  SO.  Changes  in  Mechanical  Properties  of  7000  Series  Aluminum  Alloys  Due  to  Corrosion 


I'ApiHtlfC 

(day) 


7002-10 

7H02-T6*’ 

7002-T6fr,‘,,/ 

7002-10 

700216 

7002-IY. 

70O2-IyA‘< 

7(M)2-'I'6 

7002-T6 

AIcIjiI  7002- 1 o 
Alti  id  “1*02-1  6 


702*2-16 
702*2-  IY.,< 
702*2-16 
702*2-loJ 


702*2  (64 
7112‘r'IM* 

7075-16 
7075-16 
7075-16 
7075-16 
7075-16 
7o75- 16 

7075-1 6A-' 
7*I75-I6A^ 

7075-164 

7075-172 
7075-172 
7075-172 
7075-17  2 
7075-172 

Alidad  7075  16 

707*6 1 6 
707*2  1 6 
707*2- 1 {< 

707*7'  16 
707*61  o 

Mtl.nl  707*7-16 


I entile  Strength 


Yield  Strength 


Hlniigatiiin 


Original 

<k\i) 


5.640 
5.640 
5.640 
6.780 
6.780 
5.640 
2.240 
I 2.270 
2.270 


'VChange 


7 1 78- 1 6 
7 1 78-1 6 


Original 

(Km) 


% (.'lunge 


Original 

OS.) 


NADC  (7) 
NAIX:<7) 
NAIX;  (7) 
CHI.  (4) 
NAIX:  (7) 
NAIX:  (7) 
NAIX:  (7) 
CHI.  (4) 
SAlx:  (7) 

Cl-I.  (4) 
CHI.  (4) 

CHI.  (4) 
CHI.  (4) 
CHI.  (4) 
CHI.  (4) 
CHI.  (4) 

CHI.  (4) 
CM.  (4) 

NAIX:  (7) 
NAIX:<7> 
NAIX:  (7) 
NAI»C  (7) 
NAIX:  (7) 
NAIX:(7) 

NAIX:  (7) 
NADC  (7) 

NAIX.’  (7) 

NAIX.'  (7) 
NAlx;  (7) 
NAlx;  »7) 
N Alx:  (7) 
NAlx;  (7) 

N \DC  (7) 

Ci:i.(4> 
CHI.  (4) 
CHI.  (4) 
CHI.  (4) 
CHI.  (41 


CM.  (4) 
NAlx;  (7) 
CM.  (4) 
NAlx:  (7) 


Continued 
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I able  80.  Continued. 


1 xpoxire 

Depth 

1 ensile  Strength 

Vielil  St  length 

rionpition 

.«  a 

Smirii- 

l.ljVl 

• 

flit 

i >ngnu) 

OsM) 

% ClMnp.* 

Oripiu! 

(hsi) 

*V  Change 

(trip  rial 

“o  Clunp- 

751 

mm 

XX 

-4K 

Kit 

-64 

10 

-5K 

cm.  (4i 

751 

■flit 

8V 

-9(1 

65 

II 

-‘41 

naix:  (7) 

1 .OM 

5.500 

KS 

-4 

SO 

-55 

111 

*12 

t:i:i.  (4) 

1*47 

2.34m 

SK 

-1*4 

so 

-57 

10 

-52 

Oil.  (4) 

1**7 

2.3  40 

S‘4 

-17 

t»5 

o 

It 

-10 

naix:  <7) 

402 

2.370 

XX 

-24 

so 

-21 

10 

-SO 

Clil.HI 

40’ 

2.370 

HV 

-5S 

65 

11 

-loo 

naix:  <71 

Numbers  refer  t*»  ti’lcu'iius  ji  cm)  of  report 
Melded.  Ml)l<  7 5 cleitnrde.  ‘IKi  pritu'^ 

Kciicat  ucjtcil  to  l*»  londtoon  alter  welding. 

specimen*  n»o  corroded  U‘\futuic«l)  to  nut  time  mu*  tensile  specimens 

loiisu'isc  Nutt  ;\elil,  7ot«>  wire.  MUJ  pr»ucss 

Alim  7**7 5 • I/*  heated  t<*r  X hours  J5o' r.  ait  tooled. 

1‘fopcftus  lunsutse  to  the  direction  «»!  rolling. 


SECTION  7 


TITANIUM  ALLOYS 


Titanium  ami  titanium  alloys  owe  their  corrosion 
resistance  to  a protective  oxide  film.  'I  bis  film  resists 
attack  by  oxidizing  solutions,  in  particular  those  con- 
taining chloride  ions.  It  has  outstanding  resistance  to 
corrosion  and  pitting  in  marine  environments  and 
other  chloride  salt  solutions. 

The  chemical  compositions  of  the  titanium  alloys 
arc  given  in  Table  8 1 , their  corrosion  rates  and  types 
of  corrosion  in  Table  82,  their  susceptibility  to  stress 
corrosion  in  Table  83,  and  the  effects  of  exposure  on 
their  mechanical  properties  in  Table  84. 


simulate  the  conditions  present  in  a welded  structure, 
i.e.,  to  retain  the  maximum  residual  internal  welding 
stresses.  The  process  of  placing  a circular  weld  in  a 
specimen  imposes  very  high  residual  stresses  in  the 
specimen.  Such  circular  welds  simulate  multiaxial 
stressc , imposed  in  structures  or  parts  fabricated  by 
welding.  There  was  no  visible  corrosion  of  these 
welded  alloys  except  for  stress  corrosion  cracking  of 
alloy  13V-1  lCr-JAl.  This  will  Ire  discussed  under  7.2. 

Alloy  6A1-4V  was  also  exposed  as: 

(I)  Wire,  0.020-  0.045-,  and  0.063-inch 
diameter. 


7.1.  CORROSION 

The  corrosion  rates  and  type  of  corrosion  of  the 
titanium  alloys  are  given  in  Table  82. 

Except  for  two  alloys,  there  was  no  corrosion  of 
any  of  the  titanium  alloys  during  exposures  in  surface- 
seawater  or  at  depths  of  2,500  and  6,<><K)  feet. 
Reference  15  reported  a corrosion  rate  of  0.19  mpv 
for  unalloyed  titanium  anti  of  0.18  mpy  for  6A1-4V 
after  123  days  of  exposure  at  the  6,000-foot  depth, 
but  no  corrosion  of  these  same  alloys  after  751  days 
of  exposure  at  the  6.000-foot  depth.  Also,  no  visible 
corrosion  was  reported.  For  practical  purposes  these 
values  are  considered  to  lie  inconsequential. 
Dcl.uccia,  Reference  17.  reported  cracking  in  the 
heat-affected  zone  parallel  to  the  weld  bead  in  alloy 
6AI-4V  after  197  days  of  exposure  at  the  2,500-foot 
depth.  Investigation  of  the  weldments  showed  that 
the  welds  had  been  made  under  improper  conditions 
and  were  contaminated  with  oxygen  which  made 
them  brittle. 

Alloys  7 5 A . 0.1  SIM.  5AI-2.5Sn.  6AI-4V, 
7A!-2Cb-ria,  6Al-2Cb-H a-lMo,  and  I3Y-1ICT-3AI 
were  both  unwelded  and  welded.  'I  hey  were  fusion- 
welded  by  the  inert-gas  shielded  arc.  nonconsumablc 
tungsten  electrode  process  O KI).  ’I here  were  trans- 
verse butt  welds  across  the  6-:nch  dimension  of  the 
spccitnrns  and  3-inch-diatnetcr  ring  welds  in  the 
centers  of  6 x 12-tnch  specimens.  'I  he  welded  speci- 
mens were  intentionally  riot  stress  relieved  in  order  to 


(2)  Cables.  1/16-inch  (1  x 19),  1/4-inch 
<6  x 19),  I /4-inch  (6  x 19)  with  Type  304 
stainless  steel  swaged  ends,  and  1 /4-inch 
(6  x 1 9)  with  ends  tied  with  mild  steel  wire. 

(3)  Flash-welded  tube. 

(4)  Flash-welded  sphere. 

(5)  Piece  from  broken  sphere. 

(6)  Welded  rings  9.625-inch  Ol)  x 1. 1 25-inch 
wide  x 8.75-inch  II).  One  ring  was  unstressed 
and  the  others  were  stressed  up  to  a maxi- 
mum of  60,000  psi. 

'there  was  no  visible  corrosion  on  any  of  the  above 
specimens  except  for  the  AISI  Type  304  swaged 
fittings  and  the  mild  steel  wire.  The  faying  surfaces  of 
the  Type  304  stainless  steel  fittings  were  severely 
attacked  by  crevice  corrosion.  The  rate  of  this  crevice 
corrosion  was  probably  increased  by  the  galvanic 
couple  formed  bv  the  two  dissimilar  metals,  with  the 
stainless  steel  being  the  anode  of  the  couple.  The  mild 
steel  wire  used  to  tie  the  end  of  one  titanium  cable 
was  corroded  almost  through  by  gab-ante  corrosion: 
the  mild  steel  wire  was  anodic  to  the  titanium  cable. 

7.2.  STRESS  CORROSION 

Specimens  of  the  alloys  were  stressed  in  various 
ways  and  to  values  equivalent  to  30,  35.  50,  and  75'V 
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of  their  respective  yield  strengths  at  the  surface  and 
at  depths  of  2,500  and  6,000  feet  for  different 
periods  of  time. 

The  majority  of  the  specimens  were  deformed  by 
bowing  to  obtain  the  desired  tensile  stress  in  the 
central  2-inch  length  of  the  outer  surface  of  the 
specimen.  Many  of  these  specimens,  butt-welded  by 
the  TIG  process,  were  positioned  such  that  the  trans- 
verse weld  bead  was  at  the  apex  of  the  bow  in  the 

2- inch  lengrn.  Other  specimens.  6x  12-inch,  had  a 

3- incb-diar  ictcr  circular  weld  bead  placed  ir.  the 
center.  '»'ne  stresses  induced  by  the  welding  operation 
were  not  relieved  in  order  to  retain  the  maximum 
icsidual  stresses  in  the  specimens.  Still  other  speci- 
mens were  in  the  shape  of  welded  rings,  9-5/8  Inches 
outsiiie  diameter,  which  were  deformed  different 
amounts  in  order  to  induce  teasile  stresses  in  the 
periphery  at  the  end:,  of  the  restraining  rods. 

The  results  of  the  stress  corrosion  tests  are  given 
in  Table  83.  There  were  no  stress  corrosion  cracking 
failures  of  any  of  the  alloys.  Iwth  unwelded  and 
butt-welded,  stressed  at  values  equivalent  to  as  high  as 
75%  of  their  respective  yield  strengths  for  180  days 
of  exposure  at  the  surface,  402  days  at  the  2.500-foot 
depth,  and  751  days  at  the  6,000-foot  depth,  except 
for  the  butt-welded  13V-llCr-3AI  alloy.  The 
unrelieved  butt-welded  1 3V-1  lCr-3Al  alloy  failed  by 
stress  corrosion  cracking  when  stressed  at  values  equi- 
valent to  75%  (94,500  psi)  of  its  yield  strength  after 
35.  77,  and  105  days  of  exposure  at  the  surface  in  the 
Pacific  Ocean.  The  stress  corrosion  cracks  were  in  the 
heat-affected  zones  at  the  edges  of  and  parallel  to  the 
weld  beads. 

The  butt-welded  6 x 12-inch  specimens  of 
13-V-l  lCr-3Al  alloy  failed  by  stress  corrosion  during 
398.  540.  and  588  days  of  exposure  at  the  surface 
due  to  the  unrelieved  residual  welding  stresses.  The 
stress  corrosion  cracks  were  perpendicular  to  and 
extended  across  the  weld  beads  from  side  to  side. 


The  6AI-4V  alloy  rings  stressed  as  high  as  60,000 
psi  (approximately  50%  of  its  yield  strength)  did  not 
fait  by  stress  corrosion  cracking  during  402  days  of 
exposure  at  the  2,500-foot  depth. 

Alloys  75 A,  0.1 5Pd,  5Al-2.5Sn,  7AI-2Cb-lTa, 
6 Al-2Cb- 1 Ta-1  Mo,  6AI-4V,  and  13V-llCr-3Al  were 
exposed  with  an  unrelieved  3-inch-diametcr  circular 
weld  bead  in  the  center  of  6x  12-inch  specimens. 
Only  the  13V-1K.T-3A!  alloy  failed  by  stress  corro- 
sion cracking  because  of  the  residual  welding  stresses, 
failure  by  stress  corrosion  cracking  occurred  first 
after  181  days  of  exposure  at  the  surface.  Thereafter, 
failures  first  occurred  during  189  days  of  exposure 
when  partially  embedded  in  the  bottom  sediments 
and  during  75 1 days  of  exposure  in  tbc  seawater  at 
the  6,000-foot  depth.  At  the  2,500-foot  depth  the 
first  failure  occurred  during  402  days  of  exposure  in 
the  seawater.  The  cracks  in  all  cases  extended  radially 
across  the  weld  lieads.  In  some  eases,  the  cracks 
changed  direction  by  90%  and  propagated  circumfer- 
entially around  the  outside  of  the  weld  head.  In 
general,  the  13  V-t  ICr-3Al  alloy  was  more  susceptible 
to  stress  corrosion  cracking  in  seawater  at  the  surface 
than  at  depth  in  the  Pacific  Ocean. 


7.3.  MECHANICAL  PROPERTIES 

The  effects  of  exposure  in  seawater  on  the 
mechanical  properties  of  the  titanium  alloys  arc  given 
in  Table  84.  The  mechanical  properties  of  the 
titanium  alloys  were  not  adversely  affected. 
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Table  82.  Corrosion  Rates  and  Types  of  Corrosion  of  Titanium  Alloys 


Corrosion 


NC 

nc: 

NC 

NC 

NC;  BD 
NC;  BD 
NC 
NC 

nc: 

NC 

NC 

NC 

NC 

C.  FS 

C;  FS 

C;  FS 

NC 

NC 

NC 

NC 

NC 

NC 


Sourcec 


INCO  (3) 
MEL.  (5) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
MEL  (5) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
Boeing  (6) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 
INCO  (3) 

CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 
CEL  (4) 


TaL " _•  82.  Continued. 


i 


Altov 

Environment*' 

Exposure 

(day) 

Depth 

(ft) 

Corrosion 

Source1* 

) 

3 

Rate 

(mpv) 

Type* 

5Al-2.5Sn‘/ 

W 

398 

5 

0.0 

NC 

CEL  (4) 

* 

5AI-2.5Sn‘’ 

VV 

398 

5 

0.0 

NC 

CEL  (4) 

* 

i 

5Al-2.5SnJ 

W 

340 

5 

0.0 

NC 

CEL  (4) 

5 Al-2.5Sn‘- 

W 

540 

5 

0.0 

NC 

CEL  (4) 

• 

SAl^-SSn*' 

w 

588 

5 

0.0 

NC 

CEL  (4) 

'j 

7AI-2Cb-lTa‘/ 

w 

189 

5.900 

0.0 

NC 

CEL  (4) 

7AI-2Cb-na'- 

w 

189 

5.900 

0.0 

NC 

CEL  (4) 

7AI-2Cb-lTa‘* 

s 

189 

5.900 

0.0 

NC;  BI> 

CEL  (4) 

\ 

j 

7AI-2Cb-lTat’ 

s 

189 

5.900 

0.0 

NC.;  BD 

CEL  (4) 

5 

7Al-2('b-l  nJ 

w 

181 

5 

0.0 

NC:  l-S 

CEL  (4) 

. 

1 

; 

7AI-2Cb-lTa*' 

vv 

181 

5 

0.0 

NC;  !*S 

CEL  (4) 

i 

7AI-2Cb  lTa‘/ 

w 

398 

5 

0.0 

NC 

CEL  (4) 

3 

7AI-2Cb-lT/ 

w 

398 

5 

0.0 

NC 

CEL  (4) 

} 

7AI-2Cb-lTa‘' 

vv 

540 

5 

0.0 

NC 

CEL  (4) 

i 

7A!-2Cb-ITa'' 

vv 

540 

5 

0.0 

NC 

CEL  (4) 

■ 

7Al-2Cb-ITa‘/ 

vv 

588 

5 

0.0 

NC 

CEL  (4) 

\ 

7Al-2Cb-ITa,‘ 

vv 

588 

5 

0.0 

NC 

CEL  (4) 

1 

4AI-JMo-lV 

w 

123 

5,640 

0.0 

NC 

NADC  (7) 

1 ' 

4AI-3Mo-lV 

w 

403 

6,780 

0.0 

NC 

NADC  (7) 

4AI-3Mo-lV 

s 

403 

6.780 

0.0 

NC;  111) 

NADC  (7) 

i : 

4AI-3MO-1V 

vv 

751 

5.640 

0.0 

NC 

NADC  (7) 

I 

4AI-3MO-1V 

s 

751 

5.640 

0.0 

NC;  BD 

NADC  (7) 

4Al-3Mo-lV 

w 

1 .064 

5.300 

0.0 

NC 

CEL  (4) 

i 

4Al-3Mo-lV 

w 

1 ,064 

5.300 

0.0 

NC 

NADC  (7) 

j 

4AI-3.Mo-lV 

s 

1 .064 

5,300 

0.0 

NC;  BD 

NADC  (7) 

1 

4AI-3M.)-!  V 

w 

197 

2.340 

0.0 

NC 

NADC  (7) 

1 

4Al-3Mo-lV 

s 

197 

2.340 

0.0 

NC;  BD 

NADC  (7) 

; . 

4AI*3Mo*l  V 

vv 

402 

2.370 

0.0 

nc: 

CEL  (4) 

| 

4AI-3Mo-lV 

s 

402 

2.370 

0.0 

NC 

CEL  (4) 

\ 

8 Mn 

w 

402 

2.370 

0.0 

NC 

CEL  (4) 

| 

8 Mn 

s 

402 

2.370 

0.0 

NC 

CEL  (4) 

1 40A 

vv 

1 .064 

5.300 

0.0 

NC 

CEL  (4) 

t 

7Al-12/.r 

w 

123 

5.300 

0.1 

NC 

NADC  (7) 

6AI-4V 

w 

123 

5,64(> 

- 0.1 

NC 

NADC  (7) 

• 

6AI-4V 

w 

123 

5.640 

0.18 

NC 

MEL  (5) 

6AI-4V 

vv 

123 

5,640 

0.0 

NC 

CEL  (4) 

6AI-4V*' 

vv 

123 

5.640 

0.0 

NC 

CEL  (4) 

• 
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Exposure 
<da>  ) 


Dcp:li 

(ft) 


Corrosion 


Kate 

(inpy) 


Source* 


. 

(nipv 

5,640 

0.0 

123 

5.640 

0.0 

123 

5,640 

0.0 

123 

5.640 

0.0 

189 

5.900 

0.0 

189 

5.900 

0.0 

189 

5.900 

0.0 

189 

5,900 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

403 

6.780 

0.0 

75 1 

5.640 

0.0 

751 

5,640 

0.1 

751 

5.640 

0.0 

751 

5.640 

0.0 

751 

5,640 

0.0 

.064 

5.300 

0.0 

197 

2,340 

0.0 

197 

2.340 

0.0 

197 

2.340 

0.0 

197 

2.340 

o.o 

197 

2.340 

0.0 

197 

2,340 

0.0 

197 

2.340 

0.0 

197 

2.340 

0.0 

197 

2.340 

0.0 

402 

2.370 

0.0 

•t02 

2.370 

0.0 

402 

2.370 

0.0 

402 

2.370 

0.0 

402 

2.370 

0.0 

402 

2,370 

0.0 

402 

2.370 

0.0 

181 

5 

0.0 

181 

5 

0.0 

Type'’ 

NC 

CEL  (4) 

nc 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC;  131) 

CEL  (4) 

NC:  HD 

CEL  (4) 

NC 

NADC  (7) 

NC 

NADC  (7) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

NADC  (7) 

NC 

.MEL  (5) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

nc 

NADC  (7) 

ll/V/.ICK)* 

NADC  (7) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC;  HD 

NADC  (7) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

NADC  (7) 

NC 

CM.  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

NC 

CEL  (4) 

Nr: 

CEL  (4) 

NC 

CEL  (4) 

NC  ES 

CEL  (4) 

NC:  I S 

CEL  (4) 

Kin-ironim-nt'1 


Kxposure 

(day) 


6Al-2ClHT.i-I.Mo 

6A1-2CIHT.i-IMo‘ 

6Al-2CIHT:i-lMo‘ 

6AI-. 

>C:i>  ITa-lMo 

6AI- 

2Cb-lT.il  Mo' 

6AI-2CIHTJ-  IMo* 

13V 

1 lCr-3Al 

13V 

1 lCr-3Al/ 

13V 

1 lCr-3A!'‘ 

13V 

1 lCr-3Al‘/ 

13V 

I ICr-3Al' 

13V 

1 lCr-3A!'< 

13V 

1 ICr-3Al'' 

13V 

1 !Cr-3Al‘/ 

13V 

1 ICr-3AI’ 

13V 

1 lCr-3AI° 

13V 

1 lCr-3AlJ  ' 

1 'V 

1 1 Cr-3Al'/ 

13V 

1 lCr-3AI‘ 

13V 

I lCr-3AI,/ 

13V 

1 lCr-3AI'' 

13V 

1 lCr-3AI 

13V 

1 lCr-3Al‘/ 

13V 

1 lCr-3Al' 

13V 

1 lCr-3Ar/ 

13V 

1 lCr-3AI' 

13V 

1 ICr-3AI‘' 

13V 

1 1 0-3  Al' 

13V 

1 ICr-3Ar' 

13V 

1 1 0-3  Al' 

13V 

1 H.r-3AI,/ 

Depth 

(ft) 

Corrosion 

Source' 

Hate 

(nipv) 

l-ype'' 

5 

0.0 

NC:  l-S 

CKI.  (4) 

5 

0.0 

NC 

Ci:i.  (4) 

5 

0.0 

NC 

CHI.  (4) 

5 

0.0 

NC 

CKI.  (4) 

5 

0.0 

NC 

CKI.  (4) 

5 

0.0 

NC 

CKI.  (4) 

5 

0.0 

NC 

CKI.  (4) 

5 

0.0 

NC 

GKL  (4) 

5 

0.0 

NC 

CKI.  (4) 

5.900 

0.0 

NC 

CKI.  (4) 

5,900 

0.0 

NC 

CKI.  (4) 

5.900 

0.0 

NC 

CKI.  (4) 

5.900 

0.0 

NC:  B!) 

CKI.  (4) 

5.900 

0.0 

NC:  HD 

CKI.  (4) 

5.900 

0.0 

NC;  BD 

CKI.  (4) 

5.640 

• 0.1 

NC 

MKI.  (5) 

5.640 

0.0 

NC 

CKI.  (4) 

5.640 

0.0 

nc 

CKI.  (4) 

5.640 

0.0 

NC 

CKI.  (4) 

5.640 

0 0 

NC 

CKI.  (4) 

5.900 

0.0 

NC 

CKI.  (4) 

5.900 

0.0 

NC 

CKI.  M) 

5.900 

0.0 

see'- 

CKI.  (4) 

5.900 

0.0 

NC.  BO 

CKI.  (4) 

4.200 

0.0 

see' 

CKI.14) 

4.200 

0.0 

NC 

CKI.  (4) 

6.780 

0.0 

NC 

CKI.  (4) 

6.780 

0.0 

NC 

CKI.  (4) 

6.780 

0.0 

see7 

CKI.  (4) 

6.780 

0.0 

NC 

CKI.  (4) 

5.640 

- 0.1 

NC 

MKI.  (5) 

5.640 

0.0 

SC  C' 

CKI.  (4) 

5.640 

0.0 

NC 

CKI.  (4) 

2.340 

0.0 

NC 

CKI.  (4) 

2,340 

0.0 

Nt: 

CKI.  (4) 

2.340 

0.0 

NC 

CKI.  (4) 

2.340 

0.0 

NC 

CKI.  (4) 

2.370 

0.0 

NC 

CKI.  (4) 

2.370 

0.0 

NC 

CK.\<4) 

2.370 

0 0 

see' 

CKI.  (4) 

< ontimieii 


~^*yw*** jmm&mimsk  mi  <M***±3**<**m 


13V 

1 ICr 

3 a r 

1 3 V 

1 IO 

3 AT 

13V 

1 ICr 

3 A l‘ 

13V 

1 ICr 

3A1* 

13V 

1 ICr 

3AP 

13V 

1 lCi 

3 Al* 

! ?V 

1 Kit 

3 A i' 

13V 

1 1C* 

3 A s’ 

13V 

i in 

3.\r 

I m lioiir.ient' 


I'ablc  82  Continued 


I-  \poSllle 

(dav) 


Coiiosioii 

Kate 
(nip;  i 

1 1* 
1 vpc 

Sou  tee' 

0 0 

N'C 

('l  l.  (4) 

0 0 

sec’ 

CM.  (4) 

0 0 

NC.  I S 

CM.  (4i 

0.0 

sec  it.)' 

ei:i.  (4. » 

0 0 

SCC  (2 )A 

eiii.ti) 

0.0 

see  (12)' 

CM. (4) 

0 0 

see  1 1 »*' 

CM  (4) 

0 0 

see  tid) 

CM. (4) 

<1  0 

set ' < l ) * 

Chi  (4) 

VV  I Oi.i'lh  e\p<>stll  III  oil  suits  ol  s'lllltUIC.  S - I-  SOOtl'll  III  !>.l\t  oi  s.rtn  Ullt  SO  tll.il  tilt 

lower  |>o:jtons  o!  the  spin miens  wen-  embedded  m the  bottom  sediments 

Svnihols  'or  t\  pes  ot  lormsion 

151)  --  bluish  disvoloi  ilioi.  on  portion  in  bottom  sedm.int. 

Cl<  - Craeked 

I S - l-otiiino  si  nns 

ll\/  llt.it  altee ltd  'one 
N(  =■  No  visililt  t >rr< isiiiii 

S(  ( - Strt"  lO’si'iiin  it  nkmp 

Numbers  in  paitiitiieses  are  imniiiti  ot  stitss  torn  simi  it.uks 
Numbers  re  let  to  reti  itn.  ts  u end  oi  ret'oit 

Imthewd  ini  .!  un  wi !.!  In  . 1 n ti  ntei  < • spet  linen  I It  ■ pint  i ss.  no-,.  • •iisii,.i  ihli  tuni.s't  i>  cliitroile 
I im  lit  \ til  imtt  wc  Ul  .u  toss  w i.lth  ot  spet  mini.  IK.  protest.  noiKonsunialile  tunpstui  eU  el  rode 
llt.ee  . t ran  lit  rt  i dh  pint  :n  iimin.  ! lilt' met. i!  list  d.  mu  elite  ttl 
( ' i.  ’>  r d i>i  *>i  ii  . t ti . it  ,|  /oih  ot  unrrltft  < • r inv.eist  ini  it  weitl 

I t>.<  . r it  ’►  s oi  i it  a spi  1 1", til  pei  pernio  til.ir  to  md  it.oss  t irt  ei.tr  we  Id  In  atis  some  inaitellii.j: 

pi  in  ; r ited  throu(.’i  (I  I 23  in  tint  k plait  bluish  ills,  olo-ation  oil  portions  ot  spemi'i  ns  in  a dime nt 

I s posed  in  i . .tiipu  ot  tt  t'On  o'.  Aiiantii . ii  jd  t eurrent  4.5'  C.  5 18  ml/l  ..wpen 
( i.ii  ks  i id:. lib  a loss  i in  ,.i  ir  weld  In  id  info  base  met  a!  out  nde  heat  a!  ti  > led  /oiii 
( ■ ids  a 'oss  weld  hi  id  tioriu.il  o,  dm  iti. >n  ot  ui  Mini; 


Table  83.  Stress  Corrosion  of  Titanium  Allow 


> \1  2 5 sir 
5 \l-2.5St/' 
5 A!  J.5S:i 
5.M-2  5 S n 
5 M 2 5St/’ 
5.V  2 5 Si/' 
2 rS:/1 
5.M  2 5 Si/' 
5.M-2  5Si/' 
5.M  2 5S>/' 
5 \l  2 5Sm  j 
5AI-2  5Si/ 
5AI-2.5Sr/ 
5 Al-2  5 Sr/1 
5 Ai  2 5SnJ 


St  ie\< 
(ksi) 

Percent  ! 

Yield 
St  length 

41 

m 

41 

■■ 

t>2 

75 

62 

75 

25 

55 

55 

50 

55 

75 

25 

55 

55 

50 

55 

75 

55 

50 

55 

75 

V> 

55 

41 

5<> 

62 

#• 

75 

25 

50 

25 

5o 

57 

75 

Exposure 

(.lav) 


Number  of 
Specimen*. 
Exposed 


Number 

Called 

Source** 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

** 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

t) 

CEL  (4) 

0 

CEL  (4) 

0 

Cl.L  (4) 

0 

Cl  1.(4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

CEL  (4) 

0 

Cl  1.(4) 

Continued 


Alluv 


6AMv'’ 

6Al-4VJ 
6AI-4V 
6AMV* 

6AI-4V 
OAMV<’ 

OAI-4V 
6AI-4V/’ 

6Al-4VJ 
6AI-4V 
6AI-4V 
6AI-4V*' 

6AI-4V 
6AMV* 

6AI-4V 
6AI-4V 
6AMVf’ 

6A!-4V‘i 
6AI-4V 
6AI-4V 
6AI-4V 
6AI-4V 
6Al-4V,/ 
6AMV,# 

6AI-4  \’b 
6AI-4V* 
6AI-4\m/ 

1 3V-1 1 Cr-3  AI/j 
IJV-llOJAl'1 
l 3V-1 10-3  A l*1 
13V-ltCr-3AI 
I 3V-1  lCr-3Alfr 
I JV-MCr^AI*  ‘ 
13V-MCr-3Al'’ 
l3V-I!c:r-3AIK< 
l3V-HCr-3Al‘/ 

! 3V-I I Cr-3 A!#' 
13V-1  ICr-3Al'’ 

1 3V"1  ICr-SAI*' 

1 3 V- 1 IO*3AI/ 

1 3V-1  lCr-3AI* 


,/ 


Stress 

(hsi) 

Percent 

Yield 

Strength 

105 

75 

m 

35 

35 

50 

■9 

50 

102 

75 

105 

75 

r 

43 

30 

48 

35 

49 

35 

68 

50 

70 

50 

107 

75 

102 

75 

105 

75 

43 

30 

08 

50 

107 

75 

102 

HI 

•46 

1 1 

66 

50 

99 

f* 

75 

49 

35 

70 

50 

105 

75 

<* 

63 

50 

63 

50 

95 

75 

95 

75 

49 

35 

70 

50 

105 

75 

I* 

49 

35 

Exposure 

(day) 

Depth 

(ft) 

Number  of 
Specimens 
Exposed 

Number 

Failed 

Source"* 

403 

6.780 

2 

0 

CEL  (4) 

403 

6.780 

2 

0 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

751 

5.640 

2 

0 

CEL  (4) 

197 

2.340 

3 

0 

NADC  (7) 

197 

2.340 

3 

0 

CEL  (4) 

197 

2.340 

3 

0 

CEL  (4) 

197 

2,340 

3 

0 

CEL  (4) 

197 

2.340 

3 

0 

CEL  (4) 

197 

2.340 

3 

0 

NAIX:  (7) 

197 

2.340 

3 

0 

CEL  t4> 

197 

2.340 

3 

0 

CEL  (4) 

197 

2.340 

2 

0 

CEL  (4) 

402 

2.370 

3 

0 

NADC  (7) 

402 

2.370 

3 

. 0 

CEL  (4) 

402 

2.370 

3 

0 

NADC  (7) 

402 

2.370 

3 

O 

CEL  (4) 

402 

2,370 

2 

0 

CEL  (4) 

180 

5 

3 

0 

CEL  (4) 

180 

5 

3 

0 

CEL  (4) 

180 

5 

3 

0 

CEL  (4) 

181 

5 

4 

0 

CEL  (4) 

123 

5.640 

3 

0 

CEL  (4) 

123 

5.640 

3 

0 

CEL  (4) 

123 

5.640 

3 

0 

CEL  (4) 

123 

5.640 

2 

0 

CEL  (4) 

189 

5.900 

3 

0 

CEL  (4) 

189 

5.900 

3 

0 

CEL  (4) 

189 

5.900 

3 

0 

CEL  (4) 

189 

5,900 

3 

0 

CEL  (4) 

189 

5.900 

2 

1 / 

CEL  (4) 

403 

6.780 

2 

0 

CEL  (4) 

403 

6.780 

2 

0 

CEL  (4) 

403 

6,780 

2 

0 

CEL  (4) 

403 

6.780 

2 

1 f 

CEL  (4) 

751 

5.640 

3 

0 

CEL  (4) 

I able-  83  t.ontinued 


Percent 

Strength 


|-'J>(>SUIC  Depth 

ul.n.i  (ID 


Number  i>l 
Sp-i  miens 
lix  posed 


Number 
Ini  tied 


l.U 
l.U 
I 3\ 
1 3\ 
1 3\ 
!3\ 
I 3\ 
| ! U 
i l.U 
. ! 3\ 
I l.U 
i ''A 

i 

; i.u 

j 13X 

I i.n 
I l.U 


•I  10-3Ar’ 
tlCr-JAl* 
1 IO-3AI*' 
1 IO-3AI*' 
1 10*3  Aifl 
1 IO-3AI* 
I 10-3  A!J 
I ICi  jaH 
1 1 0 3 A!^' 
1 lO'.v'V* 

1 io-.im'' 
I IO-3AlJ 
! IO-3Ai'' 
■I  Kr*3AIJ 
-HO-3A1'' 
■1 1 0-3  A!1' 
-I  IO-3AI'1 


Oil.  (4) 
Oil  (4) 
CKI.  (4) 

a:i.  (4) 

aii.  (4) 
a:i.  <4) 
aii  (4i 

aii.  (4) 


ax 

(41 

a:i. 

(4) 

a:i. 

(4) 

aii. 

(4) 

a:i. 

(4) 

aii.  (4) 

(>T  (4 1 


N.imbeis  'lie*  s<>  re'e:c!!«ex  i:  end  •>(  report. 

1,’iirelicied  butt  weld  across  width  ol  spennsen.  ! It.  process,  noticonsumahle  tungsten  electrode, 
weld  at  apex  of  how. 

Partially  embedded  tn  bottom  sediment 

rnrelieieti  3-in  -diam  wild  bead  in  center  ol  spemnen.  TIG  process,  iionvonsionabie  tungsten  elec: rode 
Ib'sidu  i1  welding  'tresses 

Specimen  partialis  embedded  in  bottom  sediment  ir.tchid  radial!)  ,»ct«*ss  the  weld  bead 
Speumen  in  seawater,  i racked  radiaili  across  the  weld  bead. 

Spei  miens  Sided  he*:  die. led  /ones  alter  35.  7“  and  !<•>  das  sot  ixposme 
(.racks  aiross  sseiil  heads. 

Sis  craiks  radially  across  sseld  heads. 

’I  '.seise  era.  ks  radiails  aiross  weld  heads. 

Nineteen  i'um'  '.indls  icios-.  m-.d  heads 


Table  84.  Changes  in  Mechanical  Properties  of  Titanium  Alloys  Due  to  Corrosion 


Sumhrrv  refer  t:»  references  at  cm!  «>t  report 

l*nrelie\e«f  l»utl  *cl«l  jvrmx  wnlth  of  specimens.  IK.  process,  nonionsumaMe  tungsten  electrode. 
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SECTION  8 


MISCELLANEOUS  ALLOYS 


The  miscellaneous  alloys  are  those  alloys  or 
metals  which  are  "one  of  a kind'*  or  do  not  belong  to 
any  of  the  previous  classes  of  alloys  discussed.  These 
alloys  would  not  be  considered  constructional 
because  of  their  price,  mechanical  properties, 
scarcity,  and,  in  some  cases,  poo.  corrosion  icsis- 
tance.  Many  of  them  could  be  used  advantageously  in 
specialty  or  unique  applications. 

The  chemical  compositions  of  the  miscellaneous 
alloys  are  given  in  Table  85.  and  their  corrosion  rates 
and  types  of  corrosion  in  Table  86. 

Alloys  columbium,  gold,  platinum,  90% 
platinum- 10%  copper.  75%  platinum-  25%  copper, 
tantalum,  and  tantalum-tungsten  (Ta60)  were 
tincorrodcd  during  exposure  both  at  depth  and  at  the 
surface. 

Alloy  MP35N  neither  corroded  nor  was  suscep- 
tible to  stress  corrosion  during  189  days  of  exposure 
at  the  6.00()-foot  depth.  The  MP35N  bolts  and  nuts 
were  in  a block  of  6A1-4V  titanium  and  were  torqued 
to  50  ft-lb.  There  was  also  no  galvanic  corrosion  of 
either  member  of  the  couple. 

The  corrosion  of  the  three  magnesium  alloys 
(MIA.  AZ31B.  and  IIK31A)  and  beryllium  was  so 
rapid  that  their  use  in  seawater  would  lie  impractical. 

Platinum  alloys  containing  50  anil  75%  copper 
were  etched  and  pitted  after  402  days  of  exposure  3t 
the  2,500-foot  depth.  Such  alloys  are  usually  used  for 
contacts  in  electrical  applications.  These  two  alloys 
would  not  be  satisfactory  for  use  in  seawater. 

Silver  was  attacked  bv  the  uniform  thinning  type 
of  corrosion  in  seawater,  (lie  thin  tarnish-likc  film  is 
an  excellent  insulator,  hence,  silver  could  not  be  used 
as  electrical  contacts  in  seawater. 


8.1.  DURATION  OF  EXPOSURE 

I he  effects  of  duration  of  exposure  on  some  of 
tile  miscellaneous  alloys  are  shown  in  figures  18,  19. 
and  20  'I  he  corrosion  rates  of  arsenical,  chemical, 
and  tellurium  lead,  lead-tin  solder,  tin.  and  line 
decreased  with  duration  of  expo  are  (figures  18  and 


19),  except  fer  lead-tin  solder  and  zinc  at  the 
2,500-foot  depth.  The  corrosion  rates  of  these  two 
alloys  increased  with  increasing  time  of  exposure.  At 
the  6,000-foot  depth  the  corrosion  rate  of  tin 
increased  initially,  and,  thereafter,  decreased  with 
increasing  time  of  exposure.  The  extremely  high 
corrosion  rate  for  tin  after  751  days  of  exposure 
(Table  86),  obviously,  is  an  error  and  must  be  dis- 
regarded. 

Only  surface  seawater  data  were  available  for 
molybdenum  and  tungsten,  and  the  effects  of  dura- 
tion of  exposure  are  shown  in  Figure  20.  The 
corrosion  rate  of  molvl»dcnum  decreased,  becoming 
asymptotic  with  increasing  time  of  exposure.  The 
corrosion  rate  of  tungsten  increased  linearly  with 
time,  at  least  during  the  first  760  days  of  exposure. 


8.2.  EFFECT  OF  DEPTH 

The  effects  of  depth  on  the  corrosion  of  some  of 
the  miscellaneous  alloys  after  1 year  of  exposure  arc 
shown  in  Figure  21.  The  corrosion  of  lead,  lead-tin 
solder,  molv  bdenum.  tungsten,  and  tin  was  greater  at 
the  surface  than  at  depth  in  the  Pacific  Ocean.  Only 
:hc  corrosion  of  zinc  was  greater  at  depth  than  at  the 
surface. 


8.3.  EFFECT  OF  CONCENTRATION  OF  OXYGEN 

The  effects  of  changes  in  the  concentration  of 
oxygen  in  seawater  are  shown  in  Figure  22.  The 
corrosion  rates  of  arsenical,  chemical,  and  tellurium 
lead,  lead-tin  solder,  molybdenum,  tungsten,  and  tin 
were  higher  at  the  highest  concentration  of  oxygen 
than  at  the  lowest,  but  the  increases  were  not  ncccs 
sarilv  proportional  or  linear.  Only  the  corrosion  of 
zinc  was  not  uniformly  influenced  by  changes  in  the 
concentration  of  oxygen  in  seawater  between  the 
limits  of  0.4  to  5.75  ml/I. 


t^VOir 


8.4.  MECHANICAL  PROPERTIES 


>>Tl.  xi’V  \ 1 


The  effects  of  exposure  on  the  mechanical  pro- 
perties of  cotumbium,  molybdenum,  and  tantalum 
arc  given  in  Table  87.  The  mechanical  properties  of 
these  three  alloys  were  not  impaired  by  exposure  in 
seawater. 
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Table  85.  Chemical  Composition  ot  Miscellaneous  Metals  and  Alloys,  Percent  by  Weight 


Allov 


Her)  Ilium 

Columbium 

Columbium 


Lead,  antimomal 
Lead,  chemical 
Lead,  tellurium 
Lead-tin  solder 

Magnesium.  MIA 
Magnesium,  A/3  IK 
Magnesium,  AZ3 1 K 
Magnesium.  1 1 K 3 1 A 

Molybdenum 

Platinum 

Platinum-copper.  90-10 
Platinum-copper,  75-25 
Platinum-copper.  50-50 
Platinum-copper,  25-75 


Tantalum 
I antalum 

Tantalum-tungsten.  T.i  60 
I in 

Tungsten 


Chemical  Composition 

Source" 

99.0  Be 

Boeing  (6) 

99.75  Cb 

CEL  (4) 

99.8  Cb 

CEL  (4) 

99.999  Au 

CEL  (4) 

«9  Pb.  6 Sb 

INCO  (3) 

99.9  Pb 

INCO  (3) 

99+  Pb.  0.04  Te 

INCO  (3) 

67  Pb.  33  Sn 

INCO  (3) 

99  Mg.  1 Mn 

INCO  (3) 

96  Mg.  2.6  Al.  1.1  Zn.  0.4  Mn 

INCO  (3) 

95.3  Mg.  3.5  Al.  0.94  Zn.  0.25  Mn 

NA!X:<7) 

96.2  Mg,  2.67  I'll.  0.67  Zr.  0.45  Mn 

NAIX:  (7) 

99.9  Mo 

CEL  (4) 

99.99  Pt 

CEL  (4) 

90  Pt.  10  Cu 

CEL  (4) 

75  Pt.  25  Cu 

CEL  (4) 

50  Pt.  50  Cu 

CEL  (4) 

25  Pt.  75  Cu 

CEL  (4) 

99.999  Ag 

CEL  (4> 

99.9  l a 

CEL  (4)  J 

99.9 'la.  0.010  C.  0.0100.0.005  N.  0.002  II 

CE1  (4i 

88.8-91  3 ta.  8.5-1 1 W 

CE!.(4) 

99  95  Sn 

INCO  (3) 

99.95  W 

CEL  <4> 

99.9  Zn.  0 09  Pb.  O.OI  l-e 

INCO  (3) 

35  Co.  35  Ni.  20  Cr.  10  Mo 

CEL  (4) 

Numbers  reter  to  references  at  ,-nd  ot  report 
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SECTION  9 
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WIRE  ROHES 


Wire  ropes  of  mans  different  e lieiine.il  coinposi- 
lions,  with  different  types  of  routings,  of  different 
sues,  and  of  different  types  of  lonstruetion  were 
exposed  in  seats  atcr  at  depth  to  determine  their 
intrusion  helms 'or.  Some  were  stressed  in  tension  to 
Jeteiinine  their  susicptu»..it\  to  stress  lorrosioii  or 
whether  stress  ••scrca*«"  ! iaies  ot  corrosion. 

1 he  iliemicai  lonipositions  of  the  ropes  are  given 
in  1 aide  88.  and  their  corrosion  behavior  m I able  89. 

I hire  ssas  no  sisihle  corn  is  on  on  rope  numbers 
15  18.  19.  20.  21.22.41  <751  das s.  o.ooo  feet ».  48. 
49.  50.  51.  52.  and  55  Rope  number  15  ssas  lype 
3U>  stainless  steel  modified  hs  adding  silicon  and 
nitrogen  and  ssas  exposed  to.  189  daxs  at  the 
6,01*0  toot  depth.  Wire  rope  numnei  4!.  lonsentional 
I s pe  5 lt>.  ssas  untorroded  after  751  .lavs  ot  expo 
sure  at  the  O.OOO-foot  depth,  hut  ssas  rusted  ssith 
some  interna!  ssires  broket*.  and  crevice  corrosion 
alter  1 .00  4 dass  ot  exposure,  its  break  mg  strength 
ssas  .ieireased  hs  41"..  alter  1.004  days  of  exposure  at 
•he  o.ooo  toot  depth  lire auxr  t.ic*  conventional  lype 
310  stainless  steel  was  not  corroded  until  between 
“51  and  I ,oo4  dass  ot  expovun.  it  cannot  be  stated 
that  the  addition  of  s.bcoil  and  nitrogen  to  the  Ispe 
31o  stainless  stec.  improsed  it*  corrosion  resistance 
Rope  numheis  18.  19.  2o.  and  21  ssere  nickel 
‘use  a!!oss  Rope  nutnliers  2o  ami  21  ssere  also 
iiw orro ltd  when  Iving  on  or  in  the  o.  ttotti  sediment 
l{  .pc  number  22  xsjs  a cob  ill  base  alios  ssliuh 
st  I*  i! so  nniorrodcd  svhen  Is.ng  on  or  m the  bottom 
sediment  It.  jiso  ssjs  not  susceptible  to  stress  t or- 
ris. *n  in  uthir  the  se.iss.iter  or  the  bottom  sediment 
w’iin  stnssid  to  40".  of  its  breaking  strength. 

iiopi  numbers  IS.  49.  5<>.  51.  52.  and  55  ssere 
ft  V s\  I i ropes  an.:  si  ires  I be  r>.pis  and  wires  thetn- 
x ,i\  suri  not  ci>rr. ided.  but  the  Ispe  3**4  stainless 
sin!  fittings  .itid  steel  tic  ssires  sseie  sevrrely 
coirodt'd  gals  .mu  .lily 

\r.  the  other  wire  ropes,  iiuted  or  unioated. 
cun  corroded  to  ears  mg  degrees  ot  scents.  the 
most  see  err  ocr.tg  the  parting  <>f  the  wires 

r.ire  slei!  wires  1.  2.  3.  35.  and  30.  ,>s  expected, 
w.n  conipiefelv  covered  with  rust  I here  was  no  loss 
ot  strength  .liter  periods  ot  exposure  of  as  long  as 


1.004  days  Ihcsc  ropes  had  been  lubricated  during 
tabulation,  the  lubricant  on  the  outer  surfaces  of  the 
ropes  had  disappeared,  hut  not  on  the  internal 
surfaces  during  exposure.  One  rope.  No.  2.  was 
degreased  prior  to  exposure,  as  a result.  K was  more 
severely  corroded  than  the  others  on  the  outside  sur- 
faces. and  there  was  light  rust  (,;i  nuns  of  the  internal 
sxires.  One  rope.  No.  3,  ssas  degreased,  then  strapped 
with  10-nnl  thick  polyethylene  tape  prior  to  expo- 
sure. I here  ssas  fleas y rust  underneath  the  tape  for  a 
distance  of  about  3 feet  from  each  end  and  there  was 
light  rust  on  about  75*V  of  the  internal  wires.  Wires 
35  and  36  had  been  stressed  in  tension  to  2t*“o  of 
their  respective  breaking  strengths  prior  to  exposure. 
Ihcse  two  ropes  were  covered  with  rust  with  no  rust 
on  the  mti-rn.il  wires,  did  not  fail  by  stress  corrosion, 
and  had  no  decrease  in  their  breaking  strengths. 

the  galvanized  (/.ins -coated)  ropes  were  numbers 
4.  5.  o.  23.  24.  25.  26.  27.  28.  37.  and  38.  The  zinc 
matings  protected  the  steel  wires,  hut  there  was  no 
good  correlation  hetssc-c-ti  me  weight  or  thickness  of 
coating  and  the  duration  ot  protection.  In  general, 
except  for  the  eiectrogalsani/.ed  coating,  the  heavier 
the  coating  the  longer  the  period  of  nine  Iwfors.  rust 
appeared  on  the  ropes.  I he  breaking  strengths  of  the 
ropes  ssere  not  unpaired  by  exposures  for  as  long  as 
1.064  days  ot  exposure.  .Also,  rope  numbers  37  and 
38  ssere  not  susceptible  to  stress  corrosion  when 
stressed  to  20  V.  of  their  respective  breaking  strengths. 

Rope  numbers  7.  8.  V,  and  40.  in  addition  to 
being  galvanized,  were  also  jacketed  with  plastic 
coatings.  In  all  cases,  seawater  penetrated  along  the 
interfaces  between  the  ropes  and  the  jackets,  i'hcre 
was  some  light  rust  on  the  strands  of  rope  number  40 
underneath  the  polyOmyl  chloride)  jacket  after  751 
days  of  exposure.  I he  polyurethane  (rope  number  7) 
and  polyethylene  trope  numbers  8 and  9)  jackets 
protected  the  galvanized  ropes  to  a considerable 
extent.  I he  jackets  were  not  punctured  or  broken, 
but  seaw.uet  had  penetrated  to  the  metal  ropes 
through  the  end  terminations.  I hat  water  had  pene- 
trated to  the  interface  lie  tween  the  jackets  and  the 
ropes  was  proven  by  puncturing  the  jackets,  at  svhich 
time  seawater  spurted  out  under  considerable 
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pnniiR.  Wlici!  a terminal  was  remove*!  from  one  emi 
o!  each  specimen.  the  zinc  coatings  were  gone  from 
the  portions  of  the  ropes  which  !u«i  been  inside  the 
terminals  and  the  vvires  of  the  strands  were  rusted. 
I he  po!\  cth  V !«rne  jacket  on  one  rope  (nutnlie:  9)  had 
Sieen  punviurci!  in  mans  places  prior  to  exposure. 
\fter  exposure  t!  esc  holes  were  filled  with  white  cor- 
rosion products  there  was  pressure  umuineath  the 
jacket,  am!  there  was  n*>  rust  on  the  wires  except 
inside  tiie  terminals. 

Kope  numbers  j'h  45.  44.  ami  45  were  alumi- 
nized (coated  with  a laser  ot  aluminum).  Aluminum 
coatings  aflorded  considerable  protection  to  steel 
ropes  m t'.e  same  manner  as  did  zinc  coatings.  A 
0.J8  oz'si]  tt  of  aluminum  coating  (1  4 mi’s  thick) 
afforded  pr  itection  to  steel  rope  for  about  the  same 
period  of  tune  as  did  an  :)  83-oz  sq  ft  of  zinc  coating 
(1  4 nuis  thick  i.  In  deep-ocean  environments,  ecpia! 
thicknesses  ot  coating*  of  ztnc  and  aiuminum  pro- 
tected steel  topes  tor  about  the  same  periods  of  tunc, 
but  on  a weight  basts  ztnc  was  about  twice  as  heave  as 
aluminum,  there  was  no  decrease  in  breaking 
strength  caused  be  vorrosum  Mso.  rope  number  }•> 
was  not  susceptible  (<>  stress  corrosion  v..nn  stressed 
at  in".,  ot  us  breaking  strength 

Kope  nuiuhers  In.  II.  12.  15.  14.  15.  In.  IT.  29. 
5o  5 1 52  5 < >4  41.  and  42  were  a .unless  steels  of 
difterem  chemical  compositions  Hie  t»  1875-inch- 
diameter  l\pe  5<)4  stainless  steel  ropes  till.  II.  12 
15  2'*.  5c.  and  51*.  stress  relieved  md  not  stiess 
relieved,  were  corroded  bv  crevice,  pitting,  and 
i‘tntii-1  corros'on.  and  main  of  the  wires  ii.i.l  parted 
because  of  cotr-siotl  particular's  uiternal  vvires 
I *-e'e  were  *>n!\  rusi  sp.its  .in  the  larger  diameter 
c 25c  th  .iig’i  c 5T5'itub  Ivpe  504  ropes  <52.  55 
md  5 *1  for  equivalent  periods  ot  exposure  I lie  nidi 
non  of  v.imdium  jnd  nitrogen  (rope  number  Ini  io 
the  Ivpe  lo4  composition  did  not  improve  the  cor- 
rosion resni.iiite  ot  the  Ivpe  3'>4  stainless  steel.  I lie 
addition  >>I  copper  (rope  ntimbei  14 » in  the  Ivpe  3 in 
stainless  steel  composition  impaired  its  corrosion 
resistance  while  the  addition  ot  silicon  an.!  nitrogen 
• rope  number  15*  did  not  appear  to  have  anv  mtlu- 
eme  'I  he  conventional  Ivpe  3 in  stainless  steel  (rope- 
number  4!>  vv  is  umorrodc-d  after  751  d.;>  s of 
exposure  '..it  after  I 064  .lavs  there  were  manv 
internal  wite*  broken  as  a result  .>!  attick  bv  crevice 
corrosion  I be  breaking  strengths  of  most  of  the 


stainless  steel  ropes  were  impaired  hv  exposure  hi  sea- 
water at  depth.  Kope  numbers  41  and  42  were  not 
susceptible  to  stress  corrosion  when  stressed  at  20% 
of  their  respective  breaking  strengths. 

I wo  Ivpe  304  stainless  steel  ropes  (numbers  46 
and  47)  were  elad  with  90%  copper- 1 0%  nickel  allov 
Kope  number  46.  which  had  a dad  laser  0.7  inch 
thick,  had  a green  co!oi  after  402  days  of  exposure, 
indicating  that  the  Cu-Ni  clad  laser  had  not  been 
completely  sacrificed  However,  rope  number  47, 
whivh  had  a clad  layer  0.3  m;l  thick,  was  covered 
with  a light  film  <d  rust,  indicating  that  it  had  been 
omplctelv  sacrificed  during  the  same  period  of  time. 
In  both  case*  the  internal  wires  of  the  ropes  were 
uncorroded. 


Tabic  89.  Corrosion  of  Wire  Ropes 


Hope 

No. 

Alloy4 

Coating 

Diamelei 
tin  ) 

( 

Mow  steel 

lubricated 

0.875 

1 

Plow  steel 

lubricated 

0 875 

> 

Plow  steel 

degreased 

0 875 

2 

Plow  steel 

degreased 

0.875 

) 

Plow  steel 

degreased;  covered  with 
lOmil  polyethylene  tape 

0 875 

i 

Plow  steel 

degreased:  covered  with 
lOmil  polyethylene  tape 

0.875 

4 

Improved  plow  steel 

Zn  0.50  oa/ft2 

0.250 

s 

Improved  plow  steel 

Zn  0.70  oa/ft2 

0.500 

B 

Improved  plow  steel 

Zn  0.90  or/ft* 

0.500 

■ 

Improved  plow  steel 

Zn  0.70  oz/ft2. 
polyurethane  jacket 

0.500 

8 

Improved  plow  steel 

Zn  0.70  oa/ft2. 
polyethylene  jacket 

0.500 

9 

Improved  plow  steel 

Zn  0.70oa/(t2.  punctured 
polyethylene  jacket 

0.500 

10 

AISI  Type  J04 

not  stress  relieved 

0 1875 

11 

AISI  Type  504 

stress  relieved 

0.1875 

12 

AISI  Type  J04 

not  stress  relieved 

0.1875 

Construction 


Original 

(lb) 


k 89  Corrosion  of  Wire  Ropes 


hxpo>urc  Depth 


Buaking  Load 


. (d-t\>  <fD  Orig'nal  Final  ... 

» ■ rii.i  IIM  % Change- 


123  • <>.000  48,200  -'8.200 


751  6.01X1  48,200  45.800  -5 

f 1 

l 

123  ! t ’■»>  *5K,?00  48,200 


7!-l  I o.(KX  48,200  49.300  *2 


123  6. >00  48,200  48,900 


751  i 6,000  , 48,200  48,200 


189  j 6,fKX> 


1!!9  6.0(X) 


189  1 6 (HM> 


189  6.000 


189  6 000 


189  6,000 


Remarks 


Rust  on  crowns  of  outside  wires;  lubricant  still  in  grooves; 
inside;  wires  bright,  tensile  fracture. 

Outside:  100%  rust,  inside:  wires  bright;  tensile  fracture. 

Outside:  100%  rust;  inside:  wires  light  rust,  few  bright  spots: 
tensile  and  torsion  fractures. 

Outside:  100%  rust:  inside:  wires  light  rust,  few  bright  spots; 
tensile  fracture. 

Rust  underneath  tape  for  about  3 feet  from  ends;  inside:  50% 
light  rust.  50%  bright;  tensile  and  torsion  fractures. 

Heavy  rust  at  edges  and  underneath  tape  for  about  3 feet  from 
ends;  inside:  75%  light  rust,  25%  bright;  tensile  fracture. 

Outside:  light,  uniform  rust,  heavy  in  some  grooves. 

Outside:  yellow  with  few  areas  of  heavy  rust  in  grooves. 

Outside:  grey-yellow,  few  areas  of  white  corrosion  products, 
few  areas  of  heavy  yellow  corrosion  products  in  grooves. 

No  breaks  in  coating:  white  corrosion  products  on  ends  of 
terminals;  terminations  not  watertight. 

No  breaks  in  coating,  white  corrosion  products  on  ends  of 
terminals;  terminations  not  watertight. 

No  rust  at  punctures  in  jacket;  r.-  breaks  in  coating;  white 
corrosion  products  at  ends  of  terminals;  terminations  not 
watertight. 

Dull  grey  with  light  rust  stains;  12-in.  length  near  center  of 
wire  covered  with  heavy  red  rust;  some  broker,  wires;  when 
cleaned,  many  broken  wues,  tunnel,  pitting,  and  crevice 


Dull  grey ; some  light  rust  stains;  heavy  rust  at  edges  of  s'licone 
potting  compound;  broken  wires  at  edge  of  silicone  compound 
under  heavy  rust  at  one  end  (crevice  corrosion);  when  cleaned, 
numerous  broken  wires,  uircrr.?!  tunnel,  pitting,  and  crevice 


Dull  grey,  light  rust  and  some  heavy  rust  in  some  areas:  crevice 
corrosion;  when  cleaned,  broken  wires,  tunnel,  pitting,  and 
crevice  corrosion. 


Preceding  page  Plank 


1. 


Tabic  89.  Continue 


Alloy1* 

Coating 

Diameter 
(in ) 

AISI  Type  304 

stress  relieved 

0.1875 

Fe-Cr-Ni-Mo-Cu 

bare 

0 125 

Fe-Cf-Ni-Mo-Si-N 

bare 

0.125 

Fe-Cr-Ni-V-N 

bare 

0.125 

FeCr-NiSi 

bare 

I)  125 

Ni-Co-Cr-Mo 

bare 

0.0625 

Ni-Mo-Cr  C 

bare 

0.0625 

Ni-Cr-Mo  625 

bare 

0.250 

Ni-Cr-Mo  625* 

bare 

0.250 

Ni-Cr-Mo  103 

bare 

0.250 

Ni-Cr-Mo  103* 

bare 

0.250 

Co-Cr-NVFe-Mo 

bare 

0.1875 

Co-Cr-N'i-Fc-Mo 

bare 

0.1875 

Co-C-Ni-.'c-Mo* 

bare 

0.1875 

Co-Cr-Ni-fe-Mo* 

lure 

0 1875 

Aircraft  cord 

Zn  0 40  or/ft2 

o 0938 

Aircraft  cord 

Zn  0 40  o//ft2 

0.0938 

Aircuft  table 

Zn  0 40  o//ft2 

0 125 

Aircraft  cable 

Zn  0 40  o//fr2 

0 125 

Aircraft  cable 

Zn  0 50  o//ft2 

0 1875 

j 

A ire  raft  caWe 

Zn  0 50  n//ti2 

' -1  1875 

Wire  rope 

Zn  0 50  <>//ft2 

i 

1 0 1875 

1 

Wire  rope 

Zn  0.50  o//(t2 

0 1875 

1 

! 

Construction 


Strc» 
on  Rope 
(lb) 


I'.pOSU'C 

<da>') 


Original 

(lb) 


able  t>V.  Continued 


\.po>urc 

<duV! 


IllV-lklUg  | . D.1,1 


18v  6,(KK> 


18V  6,000 


18«  ' 6,000 


18'/  6,000 


Original 

(lb) 


6,000  7,400 


6,000  7,4(K) 


6,000  7.000 


6,000  7.000 


6.000  4,000 


6.000  4.000 


6 000  I 4.000 


6,000  i 4,000 


6 000  i 2,000 


2.500  2.000 


<i.0O<l  i 3.500 


Remark** 


Dull  grey . light  rust  siains;  few  pits  on  crowns  of  outside  wires, 
when  cleaned,  crevice,  pitting,  and  tunnel  corrosion. 

Dull  grey  with  mottled  light  yellow  stains;  when  cleaned, 
incipient  crevice  corrosion. 

No  visible  corrosion;  metallic  sheen  still  present. 

Failed  by  tunnel  and  crevice  corrosion  underneath  silicone 
potting  compound;  only  end  loops  recovered. 

Grey,  no  visible  corrodun;  when  cleaned,  many  areas  of  slight 
crevice  corrosion  and  shallow  pitting. 

No  visible  corrosion;  original  metallic  sheen  intact. 

No  visible  corrosion;  original  metallic  sheen  intact. 

No  visible  corrosion:  original  metallic  sheen  intact. 

No  visible  corrosion:  original  metallic  sheen  intact. 

No  visible  corrosion;  original  metallic  sheen  intact. 

No  Visible  corrosion;  original  metallic  sheen  intact. 

Original  blue  film  gone,  no  visible  corrosion. 

No  wire  failures;  original  blue  film  gone;  no  visible  corrosion. 

Origins'  due  film  gone,  no  visible  sorrosion. 

No  wire  fai'utes:  original  blue  film  gone,  no  visible  corrosion. 

Dark  grey  to  black;  tensile  fracture. 

Outside  100%  rust:  inside  grey,  tensile  fracture. 

Dark  grey  to  black:  inside,  grey,  tensile  fracture. 

Outside  100%  rust,  inside  grev.  tensile  and  torsion  fractures 

Outside  dark  gtey  to  black,  *nside  grey,  tensile  and  torsion 
fractures. 


7,500  ; 3.500 


6 O 00  i 2.600 


2.500  I 2 6*ai 


(.7(81  ! 


Outside  dark  grey,  inside,  grey,  tensile  and  torsiur.  fiauurcs 

Outside  '70%  rust,  inside  grey;  tensile  fracture. 

Outside  medium  grey,  few  rust  spots,  inside  grey,  tensile 
fracture. 


(.ontinucd 


27  ’Vire  rope 

27  Wire  rope 

28  Aircraft  cable 

28  Aircraft  cable 

29  Aircraft  cord 

29  Aircraft  cord 

I 30  Aircraft  cable 

30  Aircraft  cable 

3 1 ■ Aircraft  cable 


Coating 

Zn  0.85  oz/f(2 
Zn  0.85  or/ft2 

Zn  0.60  o//ft2 

Zn  0.60  o//ft2 
bare.  Ivpe  304 

bare,  'lypc  304 
bare,  lypc  304 

bare.  I ype  304 
bare.  I vpc  3ti4 


Diameter 

till.) 


(.onxt  ruction 


Table  89.  Continued 


!•  xpoxurc  Depth 

(dav  > (ft) 


0.250  j 7x19 

I 

0.0938  | 7x7 


0 125  I 

I 

I 

0 1875  I 


t,  ! 

Aircraft  cable 

bare,  lypc  .'04 

0.1875 

7 x 19 

1 

0 

197 

1 

32  , 

Aircraft  cable 

bare  Ivpe  304 

0 250 

7 \ IV 

0 

403 

32  ’ 

Aircraft  cable 

bare  Ivpe  304 

()  ?5o 

7 v IV 

1 

0 

( 

IV7 

! 

33 

Aircraft  cable 

bare  Ivpe  3*14  ( 

0 *125 

7 v !•* 

0 

40  3 ! 

33 

Aircraft  cable 

ban  ivpt  <o4 

o (125 

7 \ 19 

1 

' n 

io: 

34 

Aircraft  cable 

bare  lvp«-  in* 

o t"4 

7 \ 19 

o 

ill? 

34 

Aircraft  * able 

*-arv  l.pt  OiJ 

1, 

* x )•' 

() 

!</? 

35 

1*1  ov#  steel 

lubruati.* 

O i/' 

i x 19 

> 1 ( M 

7M 

3 5 

Ploa  steel 

:t>i„.sa.C(i 

ii  (>f 

1 X 19 

' J«wi 

1 

1 of*  i 

3(, 

Improve*!  plow  steel 

Iu!#r  > id  . 

<1  *>/* 

1 x |9 

.*  *H  * i 

7<1 

(ft)  Original  Kina 

(lb)  (lb) 

6.000  5,900  4,60 

2.5GO  5,900  5.30 


> , 403  6,000  6,100  5,90 

) j 197  2,500  6,100  6,20 

) ! 40'  6,000  800  10 

I 

! 

» ' 197  2,5t8)  800  80( 

) , 4sl3  6,000  1,600  20t 

) 197  2.500  1.600  1.80C 

i 403  6,(88)  2.7(8)  100 

I 197  2.5(8)  2,700  2,800 

I 403  6,(88)  5,1(8)  5.000 

I 

) 197  2.500  5.1(8)  5.100 


401  ! 6,!M8>  7,1(8)  i 7.700 


|o7  2 5(81  , 7.1(8)  7.(810 


7M  0.0(81  I 10.7(8)  I l(«  700 


Ii8,l  0.(8K>  j 10.7(8)  | 11.500 


(1.(88)  14.3(8)  I 14.900 


I 


L 


Table  89  ( onunued 


E*op<.  S 

M>) 

; t 

" * 

'0 

f : 

I : 

Ik 

| I 

s * 

0 I 

1 ! 

f> 

0 


l.xposurc 
(iU)  * 

’ 

i)cpth 

(tt) 

llicakmg  Load 

Original 

(lb) 

Final 

(lb) 

% Change 

Remark* 

■*!>» 

o.ooo 

5.900 

4.600 

-22 

Outside:  100%  yellow,  inside:  grey;  (ensile  fracture. 

I‘>' 

2.500 

5.900 

5.300 

- 10 

Outside-  medium  f try.  few  rust  spots;  inside:  grey;  tensile 
fracture. 

40  s 

6 0(8) 

6.1 (HI 

5.900 

-2 

Outside-  dark  grey  to  black;  inside-  grey;  tensile  and 
torsion  fractures. 

I-;- 

2.500 

6.10(1 

6.200 

♦ 2 

Outside  dark  grey  to  black;  inside  grey,  tensile  fracture. 

4111 

6. (XX) 

800 

too 

-88 

Internal  strands  corroded;  tunnel,  crevice,  and  pitting;  many 
ss  ires  parted  by  cotrosion. 

!•<* 

2.500 

800 

800 

0 

Outside  few  rust  spots,  inside- bright,  tensile  fracture. 

40' 

6.UMI 

1.6(81 

200 

> 

-88 

Outside  few  rust  stains,  inside  broken  wires,  crevice  and 
pitting  corrosion. 

2.500 

1 .600 

1.8(81 

.13 

Outside  origina'.  metallic  lustre,  inside-  bright;  tensile  fracture. 

4<*  > 

6.000 

2. 7(81 

! 100 

i 

j 

-96 

Outside  many  rust  stains  and  broken  wires,  pitting,  tunnel  and 
crevice  corrosion,  inside  many  broken  wires,  pitting,  tunnel, 
and  crevice  corrosion. 

JV 

2.5<»o 

2.700 

2.8(81 

• 4 

Outside  few  rust  spots,  inside  bright,  tensile  fra,  ture. 

40? 

6.«KM> 

5,1(81 

5. (MM) 

Outside  few  yellow  stains,  inside  bright,  tensile  fracture. 

1 > ' 

> 50*) 

5.1i») 

5. KM) 

i 

Outside  original  metal  Ik  sheen,  inside  bright,  tensile  and 
torsion  fractures. 

In 

6 IXMI 

7 1 *81 

7 7*-' 

♦ K 

l 

Outside  few  rust  stains,  inside  bright,  tensile  ami  torsion 
fractures. 

i ' 

2 Jiai 

7 loo 

7 *MM> 

i 

- 1 

Outside  original  metallic  lustre,  inside  bright,  tensile  fracture 

4 

fi.OOO 

1 I 9i  JO 

1 1 7(8) 

f - 2 

Outside  few  rust  stains,  inside  bright,  tensile  and  torsion 
fractures. 

1 ' 

l '‘im 

1 1 ‘#oo 

i l 600 

i -3 

Outside  few  rust  slams,  inside  bright  (ensile  fracture. 

; 

6 0*K> 

10.700 

JO  7<M) 

* o 

i 

No  stress  failure  outside  UHY\>  rust,  inside  bright,  tensile 
fracture 

l.i*. 

Uf  ?f*t 

1 1 5<<" 

‘ .7 

No  stress  failure,  outside  KHr.Nnist.  inside  bright,  tensile 
fracture 

7 

/,  00*1 

1 » jIHt 

i 

I J 900 

i 

1 

1 

i 

No  stress  failure,  outside  KMJ’Vmst  inside  bright  tensile  j 

j fracture  | 

Continue. I 
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' •!>•<  S'*  GwHturtl 


I - - 

t - - - - 

--  . 

£ 

Hope 

Allo>J 

i 

i 

1 

! 

! I 

» \ 

V5 

Depth 

<!»• 

; 

breaking  Load 

No 

j < 04(111)’ 

1 

• * in  » 

t C onst'ot  tion  , 
t ! 

. . I opC 
’at.* 

id.  1 

, Original 

Final 

’* 

— - 

. _ . . . 

1 

* 

i ! 

(II.) 

(lb) 

\ 

36 

tmptused  pUm  Med 

| lubl  Hated 

' o 12* 

■ 1 X 1<* 

2 V-> 

1 (V  4 

0 0<X> 

‘ 14.300 

15.300 

1 

3*7 

Plow  steel 

/.n  0.83  o//f(* 

* ( 54.. 

» 

! x iv 

i 

1 

t,  I*  5. 

10.400 

10.900 

; 

57 

Plow  steel 

/.n  0 83  <>//ft2 

i 

] o <4«» 

, 1 X 1 v 

2 ; *> 

! ,IV>4 

6 *M» 

: 0.400 

8.6(8) 

38 

Flou  xtccl 

/n  l.5(H:,/fl2 
•-Icctrogalvant/cd 

i 

j 0 335 

1 X 19 

* 2*r i 

7 5 1 

r»  i f<H 

10.900 

11.100 

< 

38 

1 

Plow  steel 

/n  1 50  o//fj*\ 
elect  rogal  van  i/cd 

o 335 

1 1 x 19 

1 

l,Of»4 

6.(KK> 

10.900 

11,600 

t 

i 

5*3  | 

Flm*  xtccl 

Al  (;  3K  or/ft2 

ii  3 35 

: x 7 

1 4.'  . 

7M 

'*  !l0O 

6.900 

7.000 

* 

{ 

39  ! 

(•low  xtccl 

Al  0 38  or  lit' 

o 331 

> x 7 

1 .;**• 

l.l  W*4 

• »»oo 

6.9(8) 

6.500 

40 

film  xtccl 

/no  17  o//f:2 
polyvinyl  thlontk  jacket 

1 

■i  IV'- 

* - x ; 

•-I 

' OOO 

1.300 

1.200 

a 

40  | 

Plow  steel 

/.n  0.17  o//ft* 
polys  mvl  chloride  ja<  krt 

o 195 

7 x 7 

: >•» 

1.18*4 

A 000 

| 1.300 

1 

1 

1.100 

* 

41 

Aircraft  eahlr 

bare.  Ivpr  3!a,  Iubn«  a’cd 

o 135 

751 

! 

' 1.700 

1.400 

, 

41 

Aircraft  cable 

l 

! 

1 

bare  I\pc  3I<>,  Subrujied 

, 0135 

! 

7x7 

tc,. 

I.  (8*4 

?.  OoO 

1.700 

; 

1.(88) 

42 

Aircraft  cable  j 

i 

i 

bare.  IMCr-MM'-O  5N 

1 

j <»  3^5 
i 

7 \ 1 9 

s c „ 

751 

' Otto 

1 2.400 

11.400 

: 

42 

1 

Asreraft  table  1 

j 

bare.  184.r-14.Mii4)  5N 

| 0 395 

j 

7X19 

2.5’-. 

1 18*4 

A *HX> 

1 i 

1 2.400  1 

12.518) 

43 

1 

j 

Improved  plow  steel  | 

Al  0 1 1 <i//(r2 

j 

0 1875 

! 

7x7 

• > 

40* 

2 5<k> 

3.900 

3.5(8) 

44 

Improved  plow  steel  1 

i 

Al  O.I9o//H2 

0 250  ] 

1 

1 x l‘> 

• * 

40* 

; 5»*» 

8.8(8) 

7.800 

45 

Improved  plow  vied 

Al  0.19  o//lt2 

0 3125 

1 x I’l  1 

*■ 

4112 

* XxHI 

14.188) 

13.(88) 

4* 

tvpc  304 

VOC.u  IONi.  0.18)07  in  . 
0.50o//ft2 

0 1875 

i 

7x7  ; 

! 

n 

io; 

* 

3.9(8) 



_1 

X' 


J 


: ~...— i-l*^*.-.*.  


c Sd  Contmued 

’ ""  T 

1 

Breaking  Loa 

d 

idif 

i<swtil 

tlM 

Orig.nal 

(lb) 

Final 

(lb) 

% Chan| 

1 IVi-t 

0 

14.100 

15.3(8) 

*7 

:m 

Pl  ► v 

1 0.400 

10.900 

*5 

1 <V>» 

6 »** 

;o.4(ki 

8.600 

-17 

7 < I 

ti 

10.900 

11.100 

1 dot 

o.tx*) 

10.900 

11.600 

♦6 

:<i 

r»  *K>  1 

6.900 

7.000 

♦ 1 

1 IV.  4 

- 

6.900 

6.500 

-<> 

•M 

» i KM) 

1 100 

1.200 

-8 

1 IK.4 

1.100 

1.100 

-15 

7<i 

f KMl 

1.700 

1.400 

-18 

1 (K.4 

1.700 

1 .OOO 

-41 

7 51 

' <X*I 

1 2.400 

11.400 
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Remarks 


No  stress  failure:  outside-  100%  rust;  inside:  bright:  tensile 
failure. 

No  stress  failure:  outside-  grey  with  5%  scattered  rust; 
inside:  grey,  'ensile  fracture. 

No  stress  failure:  outside-  20%  rust.  80%  yellow;  inside:  grey, 
tensile  frac'ure. 

No  stress  failure:  outside-  50%  rust.  $0%  grey:  inside  grey, 
tensile  fracture. 

No  stress  failure,  outside-  93%  rust:  inside:  grey,  tensile 
fracture. 

No  stress  failure;  outside  white  corrosion  products  with  10% 

- rust  stains:  inside:  grey;  tensile  fracture. 

! No  stress  failure;  outside,  white  corrosion  product?  plus  50% 

| rust,  inside  grey  and  light  rust,  tensile  fracture. 

I 

J No  stress  failure-  PVC.  dull;  some  light  rust  on  strands  under- 
neath PVC.  tensile  fracture. 

No  stress  failure.  PVC.  dull:  some  light  rust  on  strands  under- 
neath PVC:  tensile  and  torsion  fractures 

No  stress  failure;  outside- original  metallic  lustre;  inside, 
bright,  tensile  fracture. 

No  stress  failure,  outside:  50%  rust,  crevice  corrosion:  inside: 
rusted  wires,  some  broken,  crevice  corrosion:  tensile  and 
brittle  fractures. 

No  stress  failures,  outside-  few  rust  spots:  inside:  bright: 
torsion  fracture. 

No  stress  failure,  outside-  considerable  rust  and  broken  wires, 
inside  some  broken  wires  in  all  strands,  torsion  fracture. 


>10  j Outside  white  corrosion  products  with  light  rust  stains. 

I 

-11  ! Outside-  mottled  white  and  grey 

-7  Outside  grey  with  some  white  corrosion  products. 

Outside  green. 

_ j 

Continued 
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